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INTRODUCTION  AND  SUMMARY 


1 . 1 INTRODUCTION 

In  the  design  of  radar  detection  systems,  an  often- 
used  measure  of  system  performance  is  the  probability  of 
detection  for  a target  of  specified  cross  section.  For 
most  radar  applications,  cultural  objects  are  the  targets 
of  interest.  However,  the  energy  scattered  to  the  radar 
antenna  from  the  target  must  compete  with  energy  scattered 
from  the  terrain  that  is  included  within  the  resolution 
element  surrounding  the  target.  The  latter  energy  is  re- 
ferred to  as  clutter  signal  return  and  the  probability  of 
detection  is  a function  of  the  magnitude  and  the  statistics 
of  this  clutter  return.  Considerable  (although  not  always 
adequate)  empirical  clutter  data  are  available  from  the 
literature  for  backscatter  radar  geometry.  However,  very 
few  radar  clutter  data  are  available  for  the  bistatic  radar 
situation.  It  is  therefore  the  objective  of  the  present 
effort  to  obtain  estimates  of  the  bistatic  scattering  co- 
efficient . 

The  empirical  data  resulting  from  this  effort  are  used 
to  determine  estimates  of  the  bistatic  scattering  coeffi- 
cient for  3 and  23  cm  wavelength  radiation,  for  like 
and  cross  polarization  at  each  of  the  wavelengths  (a  total 
of  four  simultaneous  data  channels) , as  well  as  for  a 
variety  of  bistatic  angles  and  two  terrain  types. 

Calibration  signals  are  used  to  obtain  an  accurate 
measure  of  the  absolute  value  of  received  power;  also, 
system  and  geometrical  parameters  are  measured  to  permit 
the  received  power  data  to  be  used  to  calculate  values  of 
oQ  as  a function  of  the  bistatic  angles.  The  basic  bistatic 
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geometry  used  for  the  measurements  is  shown  in  Figure  1. 

Note  that  the  transmitting  antenna  is  flown  in  a straight 
line  path;  the  receiving  antenna  is  located  on  a tower  and 
scans  in  order  to  obtain  a suitable  number  of  data  samples. 

A four-channel  receiving  system  provides  simultaneous 
measurements  at  two  wavelengths  and  two  polarization  states. 
Figure  2 shows  a photograph  of  the  complete  receiving  in- 
stallation. The  system  consists  of  two  dual-polarization 
antennas,  two  receivers  for  each  operating  wavelength,  and 
four  recorder  channels.  Also,  calibration  signals  are 
provided  for  each  receiver.  Figure  3 shows  the  interior  of 
the  receiving  equipment  van. 

Coherent  operation  is  required  in  order  to  measure  the 
Doppler  signal  history.  The  instrumentation  therefore  in- 
cludes a separate  transmitter-to-receiver  link  for  the 
receiver  local  oscillator  source;  the  receiving  antenna  for 
this  link  (along  with  tracking  horn  antennas)  is  shown  in 
Figure  4.  Local  oscillator  power  for  each  receiver  mixer 
is  obtained  using  power  received  from  the  transmitter  via 
this  direct  link.  The  signal  radiated  from  the  bistatic 
transmitter  is  obtained  from  the  basic  stable  frequency 
source  used  to  drive  the  transmitter.  Thus,  the  complete 
bistatic  system  is  coherent  and  the  residual  Doppler  signal 
relative  to  the  scattering  area  is  recorded.  The  Doppler 
shift  due  to  the  transmitter  illumination  angle  ^tracK  :’’n 
Figure  1 is  cancelled  out  since  this  shift  also  appears  in 
the  local  oscillator  signal. 

The  transmitter  antenna  system  for  the  two  wavelengths 
and  for  the  local  oscillator  link  is  shown  in  Figure  5a; 
the  transmitter  itself  is  shown  in  Figure  5b.  The  aircraft 
in  which  the  bistatic  transmitter  and  a synthetic  aperture 
radar  (SAR)  are  carried  is  shown  in  Figure  5c.  SAR  imagery 
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Bistatic  Geometry 


racking  Antennas  and  Local  Oscillator  Receiving  Antenna 


(a)  3 cm  and  23  cm 

Transmitting 

Antennas 


(b)  Transmitting 
Equipment 
Installation 


(c)  C-46  Instrumenta- 
tion Aircraft 


Transmitters,  and  Aircraft 


at  both  3 and  23  cm  wavelengths  was  obtained  as  a reference 
from  which  an  estimate  of  backscattering  coefficient  can  be 
made.  Calibration  reflectors  can  be  seen  in  the  3 cm 
imagery  shown  in  Figure  6. 


Figure  6.  Example  of  3 cm  Wavelength  Imagery 


1 . 2 SUMMARY 


This  report  describes  work  which  was  performed  during 
the  period  from  1 October  1975  through  30  September  1976. 
The  objective  of  this  program  was  to  collect  empirical  data 
from  which  to  obtain  an  accurate  estimate  of  bistatic  clut- 
ter statistics.  Instrumentation  was  used  which  matches,  as 
closely  as  practicable,  the  configuration  expected  in  a 
typical  operational  bistatic  system  (except  that,  here,  an 
aircraft  and  a ground  tower  were  used  for  transmitting  and 
receiving,  respectively,  instead  of  two  aircraft).  A block 
diagram  of  the  complete  system  is  shown  in  Figure  7.  The 
program  was  conducted  in  four  phases: 

1.  analysis  of  the  bistatic  clutter  measure- 
ments experiment, 

2.  design  and  construction  of  necessary  equipment, 

3.  performance  of  the  data-gathering  experiments, 
and 

4.  reduction  of  the  empirical  data. 

Simultaneous  empirical  data  were  obtained  at  3 cm  and  23  cm 
wavelengths,  with  like  and  orthogonal  polarizations  at  each 
wavelength.  The  experiment  provided  coherent  data,  sampled 
and  recorded  on  a pulse-by-pulse  basis,  from  each  of  the 
four  channels.  The  following  tasks  were  completed  during 
the  program: 

1.  An  analysis  of  the  bistatic  coherent  measure- 
ment system  for  two  wavelengths  and  two 
polarizations . 

2.  An  analysis  describing  the  empirical  data 
expected  and  the  ^calibration  requirements; 
also,  a system  error  analysis. 

3.  The  specification  of  measurement  geometry, 
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system  operating  parameters,  and  instrumenta- 
tion requirements. 


4.  Using  the  results  from  (3),  the  design  and 
fabrication  of  the  four- channel  measurements 
instrumentation,  the  coherence  and  synchron- 
ization link,  and  the  calibration  system; 
also,  the  measurement  of  total  system  response. 

5.  The  writing  of  computer  programs  for  data 
digitization  and  analysis;  also,  the  implemen- 
tation and  testing  of  these  programs. 

6.  System  test  and  data  gathering  at  two  test 
sites . 

7.  Data  evaluation  and  digitization;  also  the 
delivery  of  digital  data  tapes  to  General 
Research  Corporation  (GRC)  and  to  Radio 
Corporation  of  America  (RCA)  for  analysis. 

8.  An  analysis  of  the  empirical  data  to  deter- 
mine values  of  the  bistatic  reflection 
coefficient  as  a function  of  the  bistatic 
angles . 

9.  Documentation  of  the  instrumentation. 

10.  Documentation  of  the  data  analysis  technique 
and  the  computer  programs. 

11.  Graphical  presentation  of  the  bistatic  scat- 
tering coefficients;  also,  an  estimate  of  the 
error . 

12.  The  collection  of  radar  imagery  of  the  test 
sites  and  the  determination  of  backscattering 
coefficient  values . 

The  measurement  technique  utilized  is  illustrated  in 
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Figure  1.  Receiving  apertures  are  mounted  on  a tower  and 
their  field  of  view  is  scanned  through  an  azimuth  angular 
interval  A SCAN.  The  .scattering  area  is  illuminated  using 
the  radar  transmitters  in'ERIM's  C-46  radar  aircraft  as 
sources.  Radiation  at  two  wavelengths  is  transmitted 
simultaneously  and  horizontal  polarization  is  used  in  both 
transmitter  channels.  As  the  aircraft  flies  along  a path 
1-2  (Figure  1) , the  transmitter  antennas  are  scanned  so  as 
to  spotlight  the  scattering  area."-  The  receiving  antenna 
scan  rate  is  adjusted  so  that  one  scan  is  completed  during 
a period  in  which  the  transmitted  illumination  angle 
changes  by  approximately  5 degrees.  Measurements  were  made 
for  the  bistatic  angles  listed  in  Table  1;  priorities  for 
the  selection  of  angles  0^  and  0g  were,  determined  by  GRC. 

To  obtain  estimates  of  the  values  of  o , empirical  values 
of  received  power  are  substituted  into  the  bistatic  equation 
(see  equation  3)  along  with  the  experimental  geometrical  param- 
eters, and  the  equation  is  solved  for  oq  as  a function  of 
bistatic  angle.  During  data  analysis,  values  of  received 
power  are  averaged  over  approximately  5 degrees  of  azimuth 
angle.  It  is  assumed  that  the  fimction  oo  is  a slowly- varying 
function  of  azimuth  angle  and  that  therefore  the  5-degree 
truncation  does  not  obscure  any  fine-scale  structure  in  the 
o characteristics.  This  assumption  is  based  on  a considera- 
tion of  available  data  [1]. 

The  aircraft  carrying  the  transmitter  was  tracked 
during  each  data  pass  and  the  nominal  illumination  angle 
(that  is,  the  ^-jRACK  anS^e)  at  the  receiver  site  was  recorded. 

1.  W.H.  Peake  and  T.L.  Oliver,  The  Response  of  Terrestrial 
Surfaces  at  Microwave  Frequencies,  Report  No.  AFAL-TR- 
70-301,  Electroscience  Laboratory,  Ohio  State 
University,  Columbus,  May  1971. 
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TABLE  1 . SUMMARY  OF  BISTATIC 
MEASUREMENT  ANGLES 


Terrain 

Site  1 (flat 
grass  and 
cement  taxiway; 
dry) 


Site  2 (tall 
weeds  and 
scrub  trees; 
dry) 


0s  6i 


s 

(deg) 

(deg) 

(deg) 

85 

80 

0-105 

75 

0-105 

65 

0-105 

50 

0-105 

80 

80 

0-180 

75 

0-180 

70 

0-180 

70 

80 

0-105 

75 

0-105 

70 

0-105 
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Similarly,  the  receiving  antenna  azimuth  angle  SCAN  was 

recorded.  The  difference  between  these  two  angles  is  the 

bistatic  azimuthal,  or  out-of-plane,  angle  $ . Based  on 

the  results  of  an  error  analysis  (discussed  in  Section  6) , 

the  estimated  error  in  a values  obtained  is  6 dB. 

o 

Reviews  of  the  system  analysis  are  included  in  Section 
2 and  in  Appendix  A.  Descriptions  of  the  instrumentation 
are  included  in  Section  3 and  in  Appendix  B.  Data  analysis 
procedures  and  computer  programs  are  presented  in  Section 
5 and  in  Appendix  D.  The  results  obtained  are  discussed 
in  Section  5,7;  the  results  of  the  analysis  of  all  data 
that  were  determined  to  be  usable  are  presented  in  Appendix 
E.  A summary  of  the  bistatic  data  obtained  is  given  in 
Table  2. 
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TABLE  2.  SUMMARY  OF  BI STATIC  DATA 


Data  Data  on 

Gathering  Flight  Analog  Tape  Digitized  Data 


7/2/76  All  passes,  2 calibrations 

1-10 

2 calibrations 

7/9/76  All  passes,  passes  2, 5, 6, 7 

1-7  2 calibrations 

2 calibrations 

7/17/76  All  passes,  passes  3, 4, 5, 6, 

1-12  7,9,10,11,12 

4 calibrations  4 calibrations 
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2 

MEASUREMENT  THEORY  AND  REQUIREMENTS 

The  quantity  to  be  measured  in  this  program  is  the 
value  of  the  bistatic  scattering  cross  section  density 
ao^0i’  V ^or  a ran8e  bistatic  angles  0^,  6g  and  t|> 

as  defined  in  Figure  1.  The  basic  conceptual  block  diagram 
for  the  measurement  system  (Figure  8)  shows  that  the  measure 
of  received  power  after  processing  is  proportional  to  the 
value  of  a . Using  the  generalized  geometry  shown  in 
Figure  1,  the  relationship  between  oq  and  the  measurement 
parameters  (both  system  and  geometrical)  is  derived  in  the 
following  paragraph.  The  mathematical  terminology  used 
throughout  this  report  is  defined  in  the  List  of  Symbols 
provided  at  the  back  of  the  report. 

Power  incident  on  a scattering  area  A^  is  given  as 


P ' 
1 i 


Pi 


°0T 
4it  r? 


(1) 


and  the  power  incident  on  the  receiving  antenna  aperture 
is  given  by 


p'  = p: 

r i 


gd 


1 


4tt 


(2) 


Utilizing  Eqs.  (1)  and  (2)  and  the  fact  that  Pr  = (P^.  GQR  fR)/4-n, 
the  received  power  can  be  written 


P__  = P_. 


G0T  gor 


1 (4:;)3  r.2V  °°  V rR 


(3) 


Solving  Eq.  (3)  for  c?o  in  terms  of  the  antenna  responses  and 
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the  total  scattering  area  to  account  for  total  antenna 
(including  sidelobe)  contributions,  gives 


o 


o 


Pi  KI 


(4) 


where 


X = 


G0T  GQR  L 
(Att)  3 


and 


fT  f R Wp0 


h[ t (A) ]dA 


s 


The  parameter  K includes  the  fixed  value  of  wavelength, 
receiving  and  transmitter  maximum  gains,  as  well  as  total 
system  losses.  The  integral  I includes  the  angle-  and 
time-dependent  parameters  of  antenna  angular  response, 
along  with  range,  transmitter  waveform,  and  scattering  area. 

The  parameters  on  the  right  side  of  Eq . (4)  are  meas- 
ured during  the  data  gathering.  Data  reduction  then  involves 
the  computation  of  oq  using  these  parameter  values. 


2.1  EXPERIMENTAL  APPROACH 

There  are  several  measurement  techniques  that  can  be 
utilized  to  obtain  an  estimate  of  the  bistatic  scattering 
coefficient  a . Clearly,  the  measurement  technique  used 
must  satisfy  the  following  basic  requirements: 

1.  the  geometry  must  be  defined, 

2.  the  scattering  area,  Agj»  must  be  determined, 

3.  the  system  parameters  must  be  measured,  and 

4.  the  parameters  must  be  calibrated. 
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The  spotlight  measurement  technique  utilized  in  the  work 
described  is  illustrated  in  Figure  8.  Other  measurement 
techniques  were  considered;  these  are  discussed  in  Appendix 
A along  with  the  reasons  for  rejecting  them. 

In  the  bistatic  terrain  measurement  system,  3 and  23  cm 
pox^er  is  radiated  from  the  C-46  aircraft  to  the  ground,  and  a 
ground-based  system  receives  and  records  the  scattered  signals 
from  the  terrain  to  provide  a measure  of  scattered  power  P . 

An  analysis  of  these  data  then  provides  information  on  bi- 
static terrain  scattering.  As  a result  of  planning  studies, 
the  aircraft  is  flovm  along  a straight  line  past  the  crane 
holding  the  receiving  antennas.  The  aircraft  has  wide-beam 
antennas  which  illuminate  the  ground  in  the  vicinity  of  the 
receiver,  and  the  receiving  antenna  scans  the  same  terrain 
as  the  aircraft  passes.  The  receiving  antenna  provides 
selectivity  to  isolate  terrain  patches.  A pulse  signal  pro- 
vides range  gating  to  isolate  the  direct  and  scattered  sig- 
nals. Doppler  information  has  not  been  used  for  azimuth  beam 
sharpening,  although  this  could  be  done  using  the  raw  data 
obtained  from  these  measurements.  The  output  consists  of 

o values  as  a function  of  the  bistatic  angles.  Measure- 
o 

ment  priorities*  have  indicated  that  the  low  grazing  angles 
(large  incidence  and  scattering  angles)  are  the  most  impor- 
tant. Data  were  obtained  at  the  angles  indicated  in  Table  1. 

2 . 2 GEOMETRY 

Figure  1 is  a sketch  of  the  measurement  geometry  and 
the  nomenclature  adopted.  The  maximum  aircraft:  height  did 
not  exceed  14,000  ft,  and  the  receiver  height  was  45  ft  at 
Site  1 and  100  ft  at  Site  2.  To  obtain  large  values  of  0g 

*Based  on  discussions  with  Dr.  David  Walsh,  DARPA  and  with 
Mr.  J.  Belyea  and  Dr.  G.  Ackinson  of  GRC. 
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and  to  maximize  the  received  power,  the  aircraft  should  fly 
near  to  the  receiver;  however,  the  receiving  antenna  must 

then  slew  rapidly  at  short  ranges.  The  distance  to  the 
aircraft  is  thus  a compromise. 

Table  3 lists  the  ground  distance  X2  and  the  aircraft 

height  y^  for  four  typical  geometries  with  0^  = 20,  40,  60, 

and  75°.  Figure  9 presents  curves  of  AT  versus  SCAN, 

where  AT  is  the  difference  in  path  length  between  the  direct 

and  scattered  signals.  As  the  incidence  angle  9^  increases, 

AT  decreases;  this  makes  separation  of  the  direct  and 

scattered  fields  more  difficult.  A pulse  system  is  used 

to  isolate  the  direct  signal  from  the  bistatic;  a 90  nsec 

pulse  width  (Section  5.8)  corresponding  to  a theoretical 

resolution  of  90  ft  is  used  throughout.  Since  the  path- 

length  difference  is  only  90  ft  when  6^  is  60°,  it  is  not 

possible  to  separate  the  direct  and  scattered  signals  at 

greater  incidence  angles.  It  is,  in  fact,  difficult  to 

separate  these  signals  at  60°,  because  the  received  signals 

do  not  have  a rectangular  envelope.  Thus,  an  additional 

delay  6 is  provided;  the  minimum  6 value  of  30  nsec  is  used 

to  insure  that  the  direct  signal  is  rejected.  Figure  9 

also  indicates  that  range  gating  will  be  ineffective  for 

discriminating  against  particular  signals  entering  through 

the  sidelobes.  With  a 90  ft  range  gate,  signals  for  a 

wide  0 interval  are  time-coincident;  however,  with  antenna 
s 

sidelobe  levels  of  -24  dB  or  less  and  with  thresholding  in 
the  receiver,  the  sidelobe  response  is  minimal. 

The  contours  of  constant  time  delay  are  closer  to- 
gether when  <f>  is  not  zero,  and  time  discrimination  will  be 
more  effective.  However,  time  discrimination  still  cannot 
be  counted  on  to  gate  sidelobe  energy  out  of  the  receiver 
completely . 
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TABLE  3.  FOUR  TYPICAL  GEOMETRIES 


y,  = 100  ft  V = 250  fps 

3,  - 12°  *s  = 0° 


iometry 

x2 

rm 

?2 

TEtJ 

I 

3,676 

10,000 

II 

8,476 

10,000 

III 

17,493 

10,000 

IV 

25,373 

6,698 

^min  ®i  Scan  Time 

-rrwr—  — -*v  ■■■■"  v — ■ — — i • * i 


(ft)'  “TcfegT-  (sec) 

188  20  7.4 

153  40  9.1 

99  60  14.0 

51  75  18.1 
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Table  3 also  lists  the  receiver  antenna  scan  times  for 
the  four  geometries  with  a 10°  transmitter  beam;  the  scan 
time  varies  from  7.45  to  18  seconds.  The  receiving  antenna 
must  have  a slew  rate  commensurate  with  7.45  seconds  to 
collect  data  from  all  ground  patches  of  interest  before  the 
transmitter  illumination  angle  changes  by  5°. 

With  a receiver  antenna  beamwidth  of  5°,  the  values  of 

A9  and  A<J>  will  be  approximately  5°.  The  geometry  deter- 
s s 

mines  the  spread  AO . . Calculations  using  the  four  geometries 
i 1 o 

I in  Table  3 show  that  A 0^  <0.7  in  all  cases  during  each 

; antenna  scan.  With  a scanning  antenna,  the  change  in  A<ts 

! during  the  time  when  data  are  being  collected  from  a reso- 

! lution  patch  will  be  small;  if  data  are  collected  from  30 

| patches  during  a pass,  A<f>.  will  be  about  1/3°. 

fl 

I 

I . 2.3  SYSTEM  REQUIREMENTS 

2.3.1  ANTENNA  PARAMETERS 

Table  4 lists  the  major  parameters  for  the  transmitting 
antennas  in  the  aircraft  and  the  receiving  antenna  on  the 
tower.  There  are  two  transmitting  antennas,  one  for  23  cm 
and  one  for  3 cm  wavelength,  which  have  dual-polarization 
capability;  these  permit  collecting  data  with  both  hori- 
zontal and  ve-  tical  transmitted  polarizations  on  different 
flights . 

The  receiving  antennas  are  more  complicated  than  the 
transmitting  antennas.  They  must  have  dual-frequency  and 
dual-polarization  capabilities,  that  is,  they  must  receive 
both  horizontal  and  vertical  polarizations  at  23  and  3 cm 
| wavelengths.  Also,  there  must  be  adequate  isolation  (25  dB 

i'  or  more)  between  the  vertically  and  horizontally-polarized 

; feeds  for  accurate  simultaneous  measurements  of  like  and 

} cross-polarized  oQ  values. 
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TABLE  4.  ANTENNA  PARAMETERS 


A.  Transmitter 

Wavelength 

22.8  cm 

3.17  cm 

Polarization  (Capabilities: 

V or  H) 

H 

H 

Cross-Polarization 

Isolation 

>20  dB 

>25  dB 

Center  Frequency 

1.315  GHz 

9.450  GHz 

Maximum  Bandwidth  (3  dB) 

100  MHz 

100  MHz 

Horizontal  Beamwidth  (3  dB) 

12° 

12° 

Vertical  Beamwidth  (3  dB) 

90° 

13° 

Peak  Antenna  Gain 
(referred  to  isotropic) 

16  dB 

22.2  dB 

B.  Receiver 

Polarization 

V & H 

V & H 

Cross-Polarization 

Isolation 

>31  dB 

>27  dB 

Center  Frequency 

1.315  GHz 

9.450  GHz 

Maximum  Bandwidth  (3  dB) 

100  MHz 

100  MHz 

Beamwidth  (3  dB;  Horizontal 
and  Vertical) 

5° 

5° 

Peak  Gain 

30  dB 

31  dB 

Aperture  Diameter 

3.1  tn 

46  cm 

Gain  (Sidelobe  Region) 

0 dB 

0 dB 

Highest  Sidelobe 

<-25  dB 

<-25  dB 

Mount 

Inverted  elevation  over 
azimuth 

Minimum  Scanning  Speed 

25 

o , 

/sec 

Time  to  Reach  Speed 

-2 

sec 

Position  Readout  Accuracy 

<1 

o 

Azimuth  Scan  Angle 

0-360 

° (in  segments) 

Elevation  Scan  Angle 

0- 

90° 

Maximum  Safe  Wind  Loading 
During  Operation 

10 

mph 

27 
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The  5°  antenna  beam  requirement  determines  the  sizes 
of  the  receiving  dishes.  (A  narrower  beam  would  be  pre- 
ferable, but  there  are  mechanical  problems  associated  with 
the  correspondingly  larger  physical  size  at  23  cm.)  The 
23  cm  wavelength  antenna  is  therefore  about  305  cm  in 
diameter  while  the  3 cm  wavelength  antenna  is  about  46  cm 
in  diameter.  The  gain  in  the  side lobe  region  is  approxi- 
mately unity.  Aperture  weighting  is  used  to  lower  all 
sidelobes  25  dB  or  more  below  the  mainlobe.  An  elevation- 
over-azimuth  type  of  pedestal  is  employed;  this  is  mounted 
in  an  inverted  position  as  sketched  in  Figure  10.  With 

this  type  of  pedestal,  0 is  constant  and  i is  variable 

s s 

during  a data  run.  The  geometry  with  the  smallest  incidence 
angle  requires  the  fastest  antenna  slew  rate;  here,  the 
antenna  must  scan  all  data  points  within  1\  seconds, 
requiring  a rotation  speed  of  about  25°/ sec.  The  antenna 
must  also  reach  maximum  scanning  speed  quickly  once  the  scan 
has  started.  A position  readout  accuracy  of  about  1°  or 
better  is  needed. 

2.3.2  TRANSMITTER  AND  RECEIVER  PARAMETERS 

Tables  5 and  6 list  the  transmitter  and  receiver 
parameters  for  the  two  frequencies.  The  transmitter  uses 
components  presently  in  ERIM' s C-46,  the  major  change 
being  the  transmission  of  a 50  nsec  pulse  instead  of  the 
chirp  pulse  normally  used  for  synthetic  aperture  mapping. 
Because  of  the  narrow  pulse  width,  the  average  power  trans- 
mitted is  low.  During  any  one  pass,  the  transmitters  can 
be  connected  for  either  horizontal  or  vertical  polarization. 
However,  only  horizontal  polarization  was  transmitted 
during  this  data  gathering  program. 

The  receiver  needs  to  be  coherent  in  order  to  permit 
the  recording  of  Doppler  history  and  th  a coherent  local 


TABLE  5.  TRANSMITTER  PARAMETERS 


Center  Frequency 
Bandwidth  (3  dB) 

Peak  Power-  Output 

Average  Power  Output 

Pulse  Width 

PRF 

Losses 


Wavelength 
22.8  cm 


1.315  GHz 
>100  MHz 
5 kW 
1.8  W 
90  ns 
4000 
0.5  dB 


3.17  cm 

9.450  GHz 
>100  MHz 
0.5  kW 
0.14  W 
70  ns 
4000 
1.9  dB 
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TABLE  6.  RECEIVER  PARAMETERS 


Mode 

Channels 

Bandwidth  (3  dB) 

Noise  Figure 
Lo.-.ses 

Range  Gate  Width 
Minimum  Detectable  Signal 


Wavelength 


22.8  cm 

3.17  cm 

Coherent 

Coherent 

2 (V&H) 

2 (V&H) 

30  MHz 

30  MHz 

4 dB 

5 dB 

2 dB 

2 dB 

1.6  psec 

1.6  psec 

-78  dBm 

-75  dBm 

I 


f . 
i 

I 


1 « 

!s  i 


i 


i 


I i 

5-  » 
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oscillator  link  is  required;  however,  no  Doppler  processing 
is  anticipated  during  the  present  program.  There  are  two 
channels  in  each  receiver,  one  for  horizontal  and  one  for 
vertical  polarization.  Since  it  is  not  feasible  to  record 
pulses  as  narrow  as  50  nanoseconds,  there  is  a sample-and- 
hold  circuit  in  each  channel  to  simplify  recording;  the 
width  of  the  sampling  time  is  10  nanoseconds.  The  outputs 
of  the  four  channels  are  recorded  on  magnetic  tape  together 
with  other  information  necessary  to  associate  the  data 
recorded  with  the  pass  number  and  time  during  the  pass. 

2.3.3  POWER  CALCULATIONS 

The  signal- tc-noise  (S/N)  ratio  at  the  input  to  the 
receiver  must  be  high  enough  for  adequate  measurement 
accuracy.  The  starting  point  for  this  calculation  is  the 
bistatic  radar  equation  [2  3 


?i  G.J,  GpL  A^o 

(4tt)^  Rt  BR.  2 R 2 
N i s 


(5) 


For  a distributed  target,  the  cross  section  equals  the  area 
the  receiving  beam  illuminates  times  oQ;  thus, 

o = °0(RS2  3r2  sec  egy.  (6) 


This  equation  assumes  that  the  range  gate  is  wider  than  the 
width  of  the  ground  patch  which  the  receiving  antenna 
illuminates.  The  S/N  equation  now  becomes 


2.  F.E.  Nathanson,  Radar  Design  Principles,  McGraw-Hill 
Book  Co.,  New  York,  1969,  Ch.  2. 


32 


2 


sec  6 


(7) 


S 

N 


Pi  gt 


grl  ^ % 
<4tt)'  kTN 


s 


which  is  independent  of  the  distance  Rs . 

With  the  coherent  addition  of  N pulses,  the  S/N  ratio 
will  increase  by  a factor  of  N.  Now  N is  equal  to  the 
product  of  the  time  the  transmitting  antenna  illuminates 
the  receiver  and  the  PRF  divided  by  the  number  n of  patches 
for  which  data  are  collected: 


After  coherent 


N « 


6t  R. 


nV 


integration,  the 


(FRF)- 


S/N  equation  becomes 


(8) 


S 

N 


Pav  S GRL 


°o  Bt  3r  sec  6s 


kTRi  nV 


(9) 


assuming  the  pulse  width  is  the  reciprocal  of  the  bandwidth 
B.  Note  that  the  S/N  ratio  verier  only  with  the  inverse 
transmitter  distance  . 

Actual  S/N  ratios  have  been  computed  based  on  the 
experimental  data  gathered  under  this  program.  Computer 
printouts  of  these  results  are  presented  in  Appendix  C. 

Another  pertinent  quantity  is  the  ratio  oi  the  direct 
power  ro  the  scattered  power  (P^/?g) . The  direct  power 
enters  through  the  sidelobes  of  the  receiving  antenna  and 
the  scattered  power  through  the  mainlobe.  Using  the  bi- 
static  radar  equation  and  the  free  space  transmission 
formulas  between  two  antennas,  the  following  equation  can 
be  derived: 
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2.4  INDEPENDENT  SAMPLES  FOR  BISTATIC  DATA 

One  of  the  problems  which  must  be  considered  in  this 
program  is  that  of  obtaining  a sufficient  number  of  data 
samples.  Since  the  statistics  of  aQ  can  be  considered  as 
random  variables,  adequate  sampling  is  required  for  an 
accurate  average  value  of  o . Independent  samples  can  be 
obtained  by  means  of  the  following  mechanisms: 

1.  receiving  antenna  selectivity, 

2.  Doppler  shift  because  of  transmitter  motion,  and 

3.  motion  of  wind-blown  clutter. 

There  are  two  possible  modes  of  operation  when  the 
aircraft  passes  the  receiver.  The  transmitting  antennas 
can  be  aimed  normal  to  the  ground  track  of  the  aircraft, 
or  they  can  spotlight  the  receiver  area.  The  spotlight  mode 
of  operation  has  the  advantage  of  increasing  the  data 
collection  time  and  hence  the  number  of  samples  obtained. 
Therefore,  this  mode  of  operation  is  used  in  the  present 
program. 

2.4.1  RECEIVING  ANTENNA  SELECTIVITY 

Independent  samples  are  measured  when  the  receiving 
antenna  is  pointed  at  different  spots  on  the  ground.  The 
receiving  antenna  has  a 5°  beamwidth  at  the  half  power 
points.  Assuming  that  the  antenna  will  scan  over  an  angular 
interval  of  140°,  there  are  about  140/5  = 28  independent 
samples  taken  during  each  pass  if  the  transmitter  beam  is 
aimed  normal  to  the  ground  track. 
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With  spotlight  operation,  the  time  on  target  is  much 
greater,  and  it  is  possible  for  the  receiving  antenna  to 
scan  several  times  during  each  pass . Because  the  receiving 
antenna  beamwidth  is  5°,  the  samples  on  successive  scans 
will  be  independent  if  the  transmitter  moves  5°  between 
scans.  Assuming  that  it  will  be  possible  to  make  8 or  9 
independent  scans  during  each  spotlight  pass,  the  number 
of  independent  samples  will  increase  by  a factor  of  8 or  9 
to  a total  of  224  or  252. 

Increasing  the  number  of  independent  samples  improves 
the  average  considerably.  As  a result  of  making  several 
scans  per  pass,  there  are  more  data  to  be  processed,  and 
the  processing  is  more  complicated.  For  example,  it 
should  be  noted  that  0^  will  change  during  a spotlight 
pass  as  shown  in  Tables  7,  8,  and  9. 


2.4.2  DOPPLER  SHIFT 


Because  the  transmitter  is  moving,  there  will  be  a 
Doppler  gradient  across  the  patch  which  the  receiving 
antenna  illuminates.  From  Skolnik  [3],  the  correlation 
function  between  sample  measurements  of  the  return  from 
the  patch  will  be  down  tc  0.2  for  a sampling  time  interval 
T^  where 


_ 0.65 
i TTd 


(11) 


The  Doppler  shift  Af^  across  the  footprint  is 
Afd  = I (sin  *il  ‘ sin  $i2) 


(12) 


3,  M.I.  Skolnik  ed. , Radar  Handbook,  McGraw-Hill  Book  Co., 
New  York,  1970,  Chap.  25,  p.  15. 
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BISTATIC  MEASUREMENTS  FLIGHT  PARAMETERS  FOR  9 JULY  1976 
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It  can  be  shown  that 


Thus, 


and 


sin  4>il 


sin  <j> . 2 


R. 


Af 


d 


v'  er  Rs 
A R, 


Ti 


0.65A  Ri 

Tr*7T 


(13) 


(14) 


(15) 


The  number  of  uncorrelated  samples  n per  beam  position 
equals  the  ratio  of  the  time  on  a patch,  T , to  Ti>  For  a 
fixed  transmitting  antenna  (assuming  28  beam  positions  per 
scan) , it  can  be  shown  that 


n 


R. 

t i 

28  V tT 


Bt  0r  Rs 

TSa 


For  the  90°  spotlight  case, 
28  beam  positions  is 


the  total  T at  one  of  the 
P 


and 


2 R. 
JW  V 


n = 


er  Rs 


(16) 


(17) 


assuming  only  one  receiver  scan  per  pass.  The  number  of 
independent  samples  from  the  footprint  is  obviously  much 
greater  with  the  spotlight  mode  of  operation. 

T'ble  10  lists  some  values  from  these  formulas.  For 
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l , a fixed  beam  transmitter  antenna,  there  is  less  than  one 

a 

| • independent  sample  per  receiver  beam  position  at  23  cm; 

j , hence,  the  Doppler  shift  does  not  increase  the  number  of 

i independent  samples  over  that  obtained  from  the  receiving 

antenna  selectivity.  For  the  spotlight  case,  a couple  of 

independent  samples  occur  per  beam  position  for  values  of 

’ e 2 45°.  At  3 cm,  the  values  of  n are  higher  by  a factor 

( s 

i of  about  7.  Except  for  the  spotlight  case  at  3 cm,  the 

Doppler  spread  does  not  add  many  independent  samples  beyond 
; • the  single  sample  resulting  from  the  receiving  antenna 

i selectivity. 

t 

What  the  Doppler  shift  does  is  give  more  independent 
samples  from  each  terrain  patch  being  measured.  With  more 
samples,  the  median  value  of  the  return  from  the  patch  is 
determined  more  accurately,  but  the  number  of  independent 
patches  measured  does  not  itself  increase. 

2.4.3  WIND  FLUCTUATIONS 

The  wind  changes  the  orientation  and  position  of 
vegetation,  causing  land  echo  to  fluctuate.  The  width  of 
j the  clutter  spectrum  depends  to  a small  degree  on  wind 

speed  and  on  the  terrain. 

There  are  no  wind-fluctuation  data  which  apply 
specifically  to  the  type  of  terrain  which  has  been  measured 
in  the  bistatic  experiment.  Some  clutter  spectra  have  been 
measured  at  3 cm  for  trees  in  a 12-knot  wind;  here,  the 
clutter  power  was  down  3 dB  at  7 Hz  [4 ] . For  a Gaussian 
clutter  spectrum,  the  time  between  independent  samples  is 
' approximately 


! 4.  M.W.  Long,  Radar  Reflectivity  of  Land  and  Sea,  Lexington 

Books,  D.C.  Heath  and  Co.,  Lexington,  Hass.,  1975, 

• - Fig.  5-9. 
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At  3 cm,  therefore,  a decorrelation  time  of  approximately 
36  milliseconds  might  be  expected.  If  the  total  scan  time 
is  7 or  15  seconds,  the  number  of  independent  samples  at 
each  beam  position  will  be  about  194  and  388,  respectively. 

The  clutter  spectral  width  is  roughly  proportional  to 
center  frequency,  according  to  Ref.  5.  Based  on  this,  the 
decorrelation  time  at  23  cm  is  approximately  7 times  as 
long  and  there  are  only  about  1 or  2 independent  samples 
at  this  wavelength. 

Decorrelation  because  of  wind  motion  gives  a better 
average  value  for  the  return  from  one  ensemble  point.  If 
the  terrain  were  a uniform  area  such  as  a wheat  field,  the 
decorrelated  samples  from  one  patch  might  give  the  same 
statistics  as  would  samples  taken  from  different  ensemble 
points.  In  general,  however,  ensemble  sampling  yields 
different  results. 

2.5  SUMMARY  OF  ADVANTAGES  OF  SPOTLIGHT  SCANNING  TECHNIQUE 

The  area  near  the  receiver  is  spotlighted  to  increase 
the  time  on  target,  and  the  receiving  antenna  is  scanned 
back  and  forth  several  times  during  a pass.  A given  terrain 
patch  is  sampled  at  different  bs  values  during  each  scan; 
hence,  samples  are  obtained  from  many  different  ensemble 
points  during  a single  pass.  Data  from  an  ensemble  of 
patches  is  preferable  to  several  independent  samples  from 
a single  patch,  unless  the  terrain  is  very  uniform. 

5.  M.W.  Long,  Radar  Reflectivity  of  Land  and  Sea,  Lexington 
Books,  D.C.  Heath  and  Co.,  Lexington,  Mass.,  1975, 

Chap.  5. 
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Since  the  receiving  antenna  is  scanned  several  times 
during  each  fly-by,  Doppler  spread  and  wind  motion  do  not 
increase  the  number  of  independent  samples  from  a single 
ensemble  point.  If  the  receiving  antenna  were  to  scan 
only  once  during  a fly-by,  these  factors  would  significantly 
increase  the  number  of  independent  samples  at  3 cm  but  not 
at  23  cm  More  independent  samples  at  one  ensemble  point 
give  a more  accurate  mean  value  of  the  cross  section  den- 
sity for  that  point. 
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3 

INSTRUMENTATION 


All  of  the  instrumentation  described  in  this  section 
was  designed,  constructed,  and  tested  as  a part  of  the  dual- 
frequency, bistatic-scattering-coefficient  measurements 
program.  This  instrumentation  consists  of: 

(a)  two-channel  receivers  for  3 cm, 

(b)  two-channel  receiver  for  23  cm, 

(c)  aircraft- to-ground  data  link  for  local 
oscillator  to  permit  coherent  operation, 

(d)  automatic  monopulse  tracking  system, 

(e)  control  circuitry, 

(f)  recording  interface  for  analog  and  chart 
recorders , 

(g)  automatic  calibration  system, 

(h)  two- wave length,  dual-polarization  antenna 
system,  including  automatic  sector  scan, 

(i)  analog-to-digital  data  conversion  system, 

(j)  digital  data  averaging  program,  and 

(k)  digital  data  analysis  program  to  accept 

experimental  parameters  and  calculate 

o values, 
o 

In  this  section  that  part  of  the  instrumentation  used  to 
obtain  and  record  the  basic  bistatic  signal  data  is  de- 
scribed; this  description  includes  items  (a)  through  (h) 
of  the  above  list.  Data  analysis  (items  i,j,  and  k)  is 
discussed  in  Section  5. 

A functional  block  diagram  of  the  complete  instrumen- 
tation used  (1)  for  obtaining  measurements  of  the  bistatic 
terrain  clutter  data  and  (2)  for  analyzing  the  data  to 
determine  values  of  aQ  is  shown  in  Figure  7.  A summary 
of  the  instrumentation  parameters  is  provided  in  Tables 
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4,  5,  and  6.  Detailed  drawings  of  the  instrumentation  are 
given  in  Appendix  B. 


3.1  TRANSMITTER  SYSTEM 

The  bistatic  transmitter  consists  of  the  transmitter 
portion  of  the  ERIM  X-L  synthetic  aperture  radar  (SAR) 
system.  This  system  is  installed  in  ERIM's  C-46  aircraft 
as  shown  in  Figure  5b . A block  diagram  of  the  complete 
transmitter  system,  including  the  local-oscillator  trans- 
mitter for  the  coherent  link,  is  shown  in  Figure  11. 

The  antenna  system  used  with  the  bistatic  instrumen- 
tation consists  of  (1)  a seven- element  array  with  log- 
periodic  elements  for  the  23  cm  wavelength  band  (Figure  5a) , 
(2)  a 22  dB  standard  gain  horn  (Scientific  Atlantic  Model 
12-8.2)  for  the  3 cm  wavelength  band,  and  (3)  an  antenna  for 
the  air-to-ground  local  oscillator  link.  The  parameters 
for  the  bistatic  antennas  are  listed  in  Table  4.  The 
complete  antenna  system  is  mounted  on  a pedestal  to  permit 
360°  rotation  of  the  antennas.  A synchro  angular  read-out 
is  provided  to  accurately  point  the  antennas  with  respect 
to  the  airframe. 

Two  cavity  stabilized  klystron  oscillators  are  used  to 
provide  drive  power  for  the  bistatic  traveling-wave- tube 
power  amplifiers.  The  bistatic  transmitter  outputs  are 
summarized  in  Table  5. 

For  the  L.O.  data  link,  a portion  of  the  power  from 
each  of  the  bistatic  klystrons  is  frequency  offset  by  100  MHz 
and  amplified  by  a TWT  to  a level  of  +37  dBm  at  the  L.O. 
antenna  input.  This  antenna  is  a 20-degree  horn  having  a 
gain  of  about  17  dB;  it  transmits  to  the  ground  receiving 
site  via  a direct-path  link  in  order  to  provide  local 
oscillator  power  for  the  receiver.  in  addition  to  the 


Figure  11.  Transmitting  System  Block  Diagram 


frequency  shift,  filtering  is  used  to  provide  isolation 
between  the  bistatic  and  the  local  oscillator  signals. 

3 . 2 RECEIVERS 

Seven  receiver  channels  and  associated  antennas  are 
included  in  the  ground  receiving  instrumentation,  as  shown 
in  Table  11.  Photographs  of  the  receiving  installation 
are  shown  in  Figures  2 and  3;  a block  diagram  of  the  re- 
ceiving system  is  provided  in  Figure  12.  Each  of  the  four 
bistatic  receiver  signal  channels  consists  of  conventional 
low-noise  front  end  design  followed  by  linear  amplification 
up  to  the  detector  stage.  Table  6 lists  the  minimum 
detectable  signal  and  the  bandwidth  for  each  channel. 

The  detector  circuit  in  the  bistatic  receiver  is  a 
sample- and-hold  device,  designed  to  attain  bandwidth  re- 
duction and  to  permit  each  sample  pulse  to  be  recorded  on 
the  Ampex  1300  analog  tape  recorder.  A detailed  operational 
description  of  the  complete  receiving  system  is  provided 
in  Appendix  B;  this  description  includes  detailed  diagrams 
and  schematics. 

The  L.O.  data  link  receiving  antenna  has  a gain  of  30  dB 
and  che  L.O.  receivers  have  minimum  detectable  signal  levels 
of  -85  dBm.  During  the  data-gathering  period  (when  the 
aircraft  transmitter  is  tracked),  the  L.O.  S/N  ratio  is 
greater  than  25  dB. 

Local-oscillator  power  is  provided  from  the  radiation 
'received  from  the  transmitter  aircraft;  it  is  then  amplified 
and  mixed  to  the  desired  frequency.  There  were  occasions 
during  the  experiment  when  the  receiver  local-oscillator 
power  was  low,  due  to  tracking  error  and/or  to  great 
distance  between  the  ground  station  and  the  aircraft;  at 
these  times,  inadequate  power  was  available  for  the  receiver 
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TABLE  11.  RECEIVER  CHANNELS  AND  ANTENNAS 


> i ; Receiver  Channel 

Antenna 

i i : 

. 23  cm  wavelength, 

23  cm  wavelength, 

like  polarization  1 
cross  polarization  j 

3.1  m dish 
dual  feed 

' 3 cm  wavelength, 

3 cm  wavelength, 

like  polarization  1 
cross  polarization  / 

46  cm  dish 
dual  feed 

Local  oscillator 
Local  oscillator 

(high)  l 

(low)  ) 

46  cm  dish 

Tracker  signal 

dual  horns 

[V  I 
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ck  Diagram 


mixers.  This  condition  was  indicated  by  a power-level  meter 
on  the  operating  panel  and  by  a trace  on  the  chart  recorder 
record.  Receiver  gain  variations  as  a function  of  local- 
oscillator  power  are  given  in  Appendix  B. 

3.3  BISTATIC  RECEIVING  ANTENNAS 

Two  antennas,  one  each  for  9.45  GHz  and  1.315  GHz  have 
been  designed,  fabricated,  and  tested  for  use  with  the 
dual- frequency  bistatic  receiving  system.  The  design  goals 
for  the  antennas  were  as  follows: 

1.  3 dB  beamwidth  = 5°, 

2.  first  sidelobe  level  4 -25  dB, 

3.  polarization:  vertical  and  horizontal 
with  respect  to  the  local  ground, 

4.  polarization  isolation  = 25  dB,  and 

5-  minimum  cost. 

To  meet  the  above  goals,  a conventional  parabolic  reflector 
with  its  feed  mounted  in  a plane  parallel  to  the  aperture 
plane  at  the  focal  point  of  the  parabola  was  chosen  for 
each  of  the  antennas.  Such  a feed  obviously  blocks  part 
of  the  antenna  aperture. 

In  the  design  of  the  receiving  antennas,  it  was 
necessary  to  consider  illumination  taper  and  aperture 
blocking.  Properly  tapering  the  illumination  from  the 
center  to  the  edge  of  the  dish  decreases  the  height  of  the 
first  sidelobe  r 6 ] . However,  as  the  taper  is  increased, 
the  aperture  blockage  increases,  and  this  latter  factor 
degrades  sidelobe  performance  [7].  As  a result,  a compromise 


6.  Microwave  Journal  Technical  and  Buyer's  Guide, 
February  1,  1968,  p.  132. 

7.  Op.  c,it.,  p.  133. 
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was  made  between  these  two  factors  in  evolving  the  final 
antenna  designs;  these  designs  are  discussed  in  Appendix  B. 

A close-up  of  the*  three-meter-diameter  and  the  46-cm- 
diameter  parabolic  dishes  is  shown  in  Figure  13 . The 
tracker's  dual-horn  antenna  system  is  pictured  along  with 
the  46  cm  dish  used  in  the  local  o.icillator  link  in  Figure  4. 
Also  included  in  the  receiving  instrumentation  are  two 
pedestals;  one  is  for  the  two  dishes  used  with  the  bistatic 
< data  channels  and  the  other  is  for  the  tracker  and  local 

oscillator  antennas.  Angular  synchro  read-outs  are  provided 
for  both  antenna  pedestals.  An  automatic  angular  sector 

¥ 

scan  is  provided  for  the  data  channel  antenna  system  and 
an  automatic  tracking  antenna  system  is  used  with  the  local 
oscillator  link. 

3 . 4 TRACKER 

An  automatic  monopulse  tracker  (Fig.  4)  system  provides  a 
continuous  monitoring  of  the  track  angle  as  measured  from 
the  receiver  site  to  the  airborne  transmitter.  The  mono- 
l . pulse  tracker  receives  the  high-frequency  local-oscillator 

* signal  transmitted  from  the  aircraft  and  uses  this  signal 

to  track  the  aircraft  during  the  entire  data-gathering  run; 
l the  S/N  ratio  of  the  tracking  receiver  exceeds  15  dB  during 

; the  run.  The  tracker  utilizes  basic  dual-antenna,  dual- 

! channel  techniques  to  generate  an  error  signal  from  a 

i comparison  of  the  two  signals.  This  error  signal  is  used 

I.  to  drive  the  antenna  pedestal  to  complete  the  feedback  loop. 

The  receiving  antenna  for  the  local-oscillator  channel  is 
also  mounted  on  the  tracking  pedestal  to  ensure  a maximum 
' and  constant  local  oscillator  power  level  for  the  bistatic 

receiver  channels . 
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3.5  BISTATIC  SCAN  AND  TRACKER  ANGLE  CALIBRATION 

The  bistatic  antenna  scan  and  tracker  angles  are 
calibrated  with  reference  to  a precision  angle  indicator 
(PAI) . A DC  voltage  corresponding  to  the  PAI  readout  is 
recorded  on  the  tape  and  analog  recorders.  The  recorders 
are  run  for  several  seconds  at  incremental  angle  readouts 
of  10°  whenever  possible  from  0°  to  180°.  In  addition  to 
the  absolute  calibration  of  the  angles,  the  same  staircase 
voltages  used  for  the  RF  calibration  are  recorded.  These 
step  voltages  serve  as  an  indication  of  any  voltage  drift 
problems  which  may  occur  during  operation.  The  step  angle 
calibrations  are  recorded  at  the  same  time  that  the  RF 
calibration  is  carried  out. 


i ! . 
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DATA  GATHERING 


Operation  of  the  bistatic  measuremeiits  system  was 
divided  into  four  phases  for  each  data  gathering  problem: 

(1)  preparation  and  calibration, 

(2)  data  gathering, 

(3)  data  evaluation,  and 

(4)  preparation  of  data  for  analysis. 

Each  phase  involves  several  procedures  to  insure  that  best 
accuracy  is  achieved  for  the  final,  data  output  product. 

l\ . 1 PREPARATION  AND  CALIBRATION 

Site  selection  is  the  first  consideration  in  the 
preparation  for  data  gathering.  Two  test  sites  were  used; 
views  of  the  terrain  as  seen  by  the  receiving  antennas 
are  given  in  Figure  14  for  Site  1 and  in  Figure  15  for 
Site  2.  Site  1 consists  of  a very  flat  section  of  cement 
taxiway  and  an  adjacent  grassy  area.  Site  2 consists  of 
an  area  of  tall  weeds  and  scrub  trees.  The  basic  charac- 
teristics and  "ground  truth"  describing  the  two  test  sites 
are  given  in  Section  5.8.  The  flight  paths  selected  for  the 
aircraft  are  shown  in  Figures  16,  17,  and  18.  These  same 
paths  were  flown  for  the  measurements  at  both  test  sites. 

The  range  of  angles  SCAN  over  which  the  receiving 
antenna  will  scan  are  selected  during  the  preparation 
phase  and  set  into  the  automatic  scan  control.  All  angular 
calibrations  are  referenced  to  magnetic  directions  so  as 
to  be  compatible  with  aircraft  headings.  The  calibrations 
for  the  bistatic  receiver  channels,  angle  channels,  and  AR 
channel  are  recorded  on  both  magnetic  tape  and  on  the 
chart  recorder.  Calibrations  are  recorded  before  and  after 
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Photograph 


Figure  15.  Photograph  of  Site 
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This  fl autre  Is  of  poor  quality.  However,  it  is  included  because  the 
relevant  information  is  sufficiently  clear  to  the  reader. 
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Figure  16.  Aircraft  Flight  Paths  for  2 July  1976 


BEST  AVAILABLE  COPY 
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18ure  17-  Aircraft  p«hs  t„  9 Jul  1976 


BEST  AVAILABLE  COPY 


ght  Paths  for  17  July  1976 


each  flight;  an  example  of  the  chart  recorder  calibration 
read-out  is  shown  on  Figure  19.  During  the  preparation 
phase,  an  instrumentation  checklist  is  employed;  this  list 
is  shown  in  Appendix  B. 

4.2  DATA  GATHERING  PHASE 

The  procedures  followed  during  the  gathering  of  bi- 
static data  are  illustrated  in  Figure  1.  Each  data 
gathering  flight  consists  of  a number  of  passes  flown  as 
illustrated  in  Figures  16,  17,  and  18,  Variations  in  the 
incident  angle  9^  are  obtained  by  varying  the  flight  altitude 
and/or  the  offset  distance  from  the  receiver. 

Summaries  of  the  measurement  parameters  for  the  three 
data  gathering  flights  are  given  in  Tables  7,  8,  and  9;  a 
total  of  9 hours  of  flying  time  was  involved  in  these  flights. 
A summary  of  the  bistatic  angles  for  which  data  were  obtained 
is  given  in  Table  1.  All  data  are  averaged  over  5°  inter- 
vals of  the  bistatic  scattering  angles,  as  discussed  in 
Section  5.  Figure  2 is  a photograph  of  the  complete  bi- 
static receiver  instrumentation  in  operation  during  the 
data  gathering  flight  of  17  July  1976. 

A sample  of  the  chart  record  made  in  real  time  during 
each  data  gathering  pass  is  given  in  Figure  20.  This 
example  shows  about  50  seconds  of  data.  Note  the  scan 
record  of  the  receiving  antenna;  about  6 complete  scans 
are  shown.  The  receiver- to-aircraft  tracker  angle  is  also 
recorded.  The  AR  channel  is  integrated  for  the  chart  re- 
corder, out  is  fed  on  a pulse-by-pulse  basis  to  the  analog 
tape  recorder.  The  lower  four  chart-recorder  channels  are 
received  power  signals;  these  signals  are  passed  through 
a logarithmic  amplifier  prior  to  being  fed  to  the  chart 
recorder,  but  are  recorded  linearly  on  the  analog  tape. 
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Figure  19.  Example  Chare  Record:  Calibration 


Over  40  dB  of  instantaneous  dynamic  range  are  realized  in 
the  analog  tape  channels. 

Complete  logs  are  kept  during  each  measurement  pass 
of  each  flight;  examples  of  these  logs  are  included  in 
Appendix  C. 

4.3  DATA  EVALUATION 

Since  the  data  are  to  be  digitized  before  processing, 
a two-step  data  evaluation  procedure  is  Used.  The  first 
step  uses  the  chart  record  obtained  during  the  data 
gathering;  the  received  signal- level , local-oscillator- 
power,  tracking,  antenna- scan,  and  aircraft-operating 
parameters  are  evaluated  for  proper  operation  on  each  pass. 
The  data  evaluations  for  the  three  data  flights  are 
summarized  in  Tables  12,  13,  and  14,  Certain  passes  in 
each  table  are  marked  to  indicate  that  they  provide 
acceptable  data  for  computing  oQ  values. 

The  second  step  of  the  evaluation  is  carried  out  during 
digitization.  Since  the  PRF  is  required  for  synchronizing 
the  digitization  of  the  data,  this  signal  is  included  in 
the  local  oscillator  air-to-ground  data  link.  Thus,  a low 
signal- to-noise  ratio  in  the  PRF/L.O.  channel  will  result 
in  unusable  data  by  producing  (1)  a weak  PRF  signal  which 
makes  the  above-mentioned  synchronization  difficult  and  (2) 
low  local  oscillator  power  which  reduces  the  overall  system 
sensitivity. 

As  indicated  in  Tables  12,  13,  and  14,  the  data  are 
usable  for  4 of  9 passes  from  the  first  flight  (2  July)  and 
5 of  7 passes  from  the  second  flight  (9  July).  Both  the 
first  and  second  flights  covered  Test  Site  1,  giving  usable 
data  from  a total  of  9 passes  for  this  site.  A total  of 
10  of  the  12  passes  made  on  the  third  data-gathering  flight 
covering  Site  2 have  provided  usable  data. 
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2 JULY  1976 


Usable  for  computing  i 


9 JULY  1976 
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Usable  for  computing  a 


4.4  PREPARATION  OF  DATA  FOR  ANALYSIS 


After  evaluation  and  selection  of  the  data  for  analysis, 
each  analog  tape  is  converted  to  a 9-track  digital  format*; 
a detailed  description  of  the  digital  data  tape  format  used 
is  given  in  Appendix  D.  The  data  (on  the  basic  analog  tape 
and  on  the  digitized  tape)  include  measures  of  received 
power  on  a pulse-by-pulse  basis  for  four  receiver  channels. 
Since  the  data  analysis  is  performed  on  received  power 
values  averaged  over  the  5°  beamwidth  of  the  receiver 
antenna  (as  discussed  in  Section  5) , the  next  data  prepar- 
ation step  is  the  summing  and  averaging  operation  described 
by  the  relation 


N 


i=l 


Here,  the  value  of  N over  which  the  data  are  averaged 
corresponds  to  the  number  of  samples  obtained  in  a 5° 
azimuth  interval. 


^Special  digital  tapes  are  also  generated  on  a 7-track  for- 
mat to  be  compatible  with  the  GRC  computation  facility. 
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5 

DATA  REDUCTION 


This  section  contains  definitions  of  all  parameters 
(Section  5.1)  and  descriptions  of  all  processes  which  are 
used  to  obtain  the  terrain  scattering  cross  section  per 
unit  area,  o , from  a particular  set  of  recorded  power  and 
aspect  data.  Various  physical  and  measurement  constraints 
make  it  necessary  to  approximate  o . Section  5.2  gives 
the  steps  by  which  this  approximation  method  evolved.  In 
particular,  approximations  for  the  gain  patterns  of  tne 
transmitting  and  receiving  antennas  (especially  the  latter) 
are  considered  in  Section  5.3. 

The  geometry  of  the  terrain  scattering  area  Agd  pre- 
sents a rather  interesting  aspect  of  the  problem  since  it 
may  be  bounded  by  several  (at  most  four)  elliptical  arcs. 

Two  of  these  elliptical  boundaries  are  defined  by  the  pulse 
length,  over  which  a weighting  corresponding  to  the  receiver 
impulse  response  must  be  applied.  The  final  weighted  area 
so  obtained  is  described  in  Section  5.4  and  the  results  are 
used  to  describe  the  form  used  in  this  program  for  a . 

Since  this  quantity  is  actually  a random  variable  it  is 
necessary  to  take  some  pains  to  insure  an  adequate  and 
independent  sample  set  from  the  terrain  region  being 
examined.  This  aspect  of  the  data  reduction  provisions  of 
the  program  is  considered  in  Section  5.5. 

A brief  discussion  of  the  data  processing  scheme  is 
given  in  Section  5.6.  A more  detailed  discussion  of  the 
processing,  including  all  computer  programs  prepared,  can 
be  found  in  Appendix  D.  In  Section  5.7,  the  reduced  data 
(o  versus  the  azimuth  angle  <j>  ) are  presented  for  23  cm 
and  3 cm  wavelengths  at  several  transmitter  and  receiver 
elevations  and  for  various  terrain  conditions.  Finally, 
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Section  5.8  presents  a discussion  of  the  data;  calibration 
curves  are  included. 


% I 


i 

i 

i 

I 

t 


k 

! 

i 


) 

: 

i 

i 

i 

i 


5.1  DEFINITION  OF  trQ  AND  ASSOCIATED  PARAMETERS 

The  terrain  scattering  cross  section  per  unit  area,  a , 
is  defined  [8,9]  as  . 


4ti  r dS 
s s 

S~3A 


(20) 


The  incident  power  density  is  expressible  in  terms  of 
transmitted  power  P^,  transmitting  antenna  maximum  gain  Gq^,, 
and  normalized  power  pattern  function  f^,  as 


S,  = 


4-71  r ^ 


1 Pi.  GOT  f T ‘ 


(21) 


(Since  GqT  is  constant,  and  f^  is  a normalized  function  of 
aspect,  the  product  GQT  f^  represents  the  antenna  gain  as 
a function  of  aspect.)  The  scattered  power  density  dSg  may 
be  written  in  terms  of  the  incremental  power  dPr  received 
by  an  antenna  of  aperture  A^,  which  in  turn  is  expressible 
in  terms  of  receiving  antenna  gain  Gq^  and  power  pattern 
function  f R . The  result  is 


dJis  = 


dP 


- dPr/ 


A G0R  f R L 
5"ii 


(22) 


i 


] 


8.  D.E.  Barrick,  Normalization  of  Bistatic  Radar  Return, 
Report  No.  1388-13,  Ohio  State  University  Research 
Foundation,  Columbus,  January  1964. 

9.  W.H.  Peake  and  T.L.  Oliver,  The  Response  of  Terrestrial 
Surfaces  at  Microwave  Frequencies,  Report  No.  AFAL-TR- 
70-301,  Electroscience  Laboratory,  Ohio  State  University, 
Columbus,  May  1971. 
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Equations  (20)  (21) , and  (22)  may  be  assembled  to  yield 
the  increment  of  received  power  dPr  as 


dP. 


pi  x2  got  sor  l 
(40  3 


fT  f R °o  dA 

2 2 

ri  rs 


(23) 


The  total  power  received  from  the  entire  illuminated  surface 

A , is  then 
gd 


-P*K  j 


gd 


fT  fR  °o  " 
X s 


<mW)  , 


(24) 


where  constant  terms  have  been  collected  as 


K = 


G0T  G0R  L 
(40  3 


(m2) 


(25) 


The  integral 


I = 


/ 


A 


gd 


fT  f R °o  ^ 
1 s 


(m“2) 


(26) 


is  discussed  in  detail  in  Sections  5.2  and  5.4  below. 


The  coordinate  system  and  aspect  parameters  of  the 
scattering  area  A ^ are  shown  in  Figures  1 and  21.  The 
origin  for  the  range-curve  (xq,  y , zQ)  and  footprint  (x1  , 
y' , z’)  coordinate  systems  is  placed  at  the  foot  (nadir)  of 
the  receiver  R.  The  yo~axis  is  vertical,  through  the  re- 
ceiver, and  the  z^-axis  is  taken  in  the  direction  of,  and 
parallel  to,  the  ground  track  of  the  transmitter.  Then  the 
xQ-axis  is  chosen  to  form  a right-hand  system. 
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T (^2  > y 2 • 


FOOTPRINT:  x',y',z’ 


RANGE  CURVE: 


Vyo’Zo 
(system  in 


which  R and  T are  defined) 


INTEGRATION : x , y , z ; p , <t> , z 


Figure  21.  Coordinate  Systems 


In  the  (xo>  y , zQ)  system,  the  receiver  is  fixed  at 

(0,  y^,  0)  and  the  transmitter  is  located  at  the  variable 

point  (x2>  y2.  ^2)  • The  distance  from  the  receiver  to  the 

scattering  area  center  is  R and  from  the  transmitter  to  the 

□ 

patch  center  is  R^.  Corresponding  to  these  radiation  paths 
the  angles  of  incidence  and  scattering  at  the  scattering 
area  center  are,  respectively,  ©i  and  0 . The  azimuth  angle 
between  the  ground-plane  projection  of  Rg  and  the  extension 
of  the  ground-plane  projection  cf  R^  through  the  scattering 
area  is  <t>  . 

The  quantities  r^  and  rg  (Eq.  26)  describe  the  respec- 
tive distances  from  transmitter  and  receiver  to  the  inte- 
gration point  of  the  scattering  area  A They  can  be 
described  (See  Figure  22)  in  terms  of  the  distances  R^  and 
R and  the  angle  cj>  in  a polar  coordinate  system  with  its 

o o 

origin  at  the  center  of  Ag(j: 

r?  = R?  + p2  + 2Rip  sin  Gi  cos  $ (27) 

and 

rs  = Rg  + p2  - 2Rgp  sin  es  cos  (4>g-<j))  . (28) 

The  transmitter  and  receiver  power  pattern  functions 
frjn  and  f^  are  assumed  to  have  rotational  symmetry  about 
their  respective  beam  axes . Thus , the  behavior  of  each  is 
describable  in  terms  of  a single  variable,  namely  the  angle 
from  the  beam  axis.  Therefore, 

fR  H ^R^s^  and  fT  = fx^i^  1 


These  descriptions  have  been  adapted  from  Ref.  8 which 
considers  only  the  case  R^  = Rg 
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Figure  22.  Detail  of  Parameters  for  Clutter  Area  Element 


where  iJj  is  implicitly  defined  by 

S 


sin  - 
s 


p j/  1 - sin20o  cos^ (cj)s-<J)) 
y Rg  + P2  - 2Rgp  sin  0g  eos(<j>s-cj>) 


(29) 


In  Section  5.3,  an  analytic  approximation  for  the  power  pat- 
tern function  is  given  and  the  gain  quantities  GqT  and 

Gqr  are  discussed.  Corrections  for  f^t^)  are  discussed  in 
Appendix  C. 

Since  oQ,  the  quantity  to  be  determined,  appears  as  a 
factor  of  the  integrand  in  Eq.  (24),  it  is  clear  that  either 
the  integral  must  be  inverted,  or  an  approximation  treat- 
ment must  be  developed.  It  is  worthwhile  to  look,  briefly, 
at  some  of  the  steps  by  which  the  latter  approach  evolved 
from  the  former. 


5.2  EVOLUTION  OF  METHOD  FOR  APPROXIMATING  o 

o 

In  the  development  of  a solution  for  any  problem,  the 
fewer  the  approximations  used  in  the  method  of  solution, 
the  fewer  the  uncertainties  (at  least  in  number  if  not  size) 
in  the  result.  This  precept  encouraged  the  initial  view- 
point that  Eq.  (24)  should  be  inverted.  Even  though  the 
inversion  method  itself  would  require  an  approximation  of 
the  integral  I by  a system  of  linear  equations,  no  assump- 
tions would  be  required  concerning  the  behavior  of  a 
within  the  scattering  area  A This  approach  would 

necessitate  the  division  of  area  A , into  a set  of  small 

P»d 

cells  in  each  of  which  the  received  power  Pr  would  be  known. 
The  power  pattern  functions  and  ranges  form  the  kernel  of  I, 
and  their  form  is  such  that  their  characteristics  at  an 
arbitrary  point  are  dependent  on  all  other  integration 


points  of  the  region  A 


gd‘ 


Thus,  the  kernel  relates  the 


power  received  from  a point  in  A^  to  the  effect  of  oq  at 


all  other  points  of  A 


Consider  a simple  example  where 
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1 


the  region  A ^ may  be  approximated  by  only  four  cells  or 


subdivisions,  with  received  power  and  radar  cross  section 
per  unit  area  aQ  evaluated  at  only  one  point  a^  within 
each  cell.  (All  points  could,  of  course,  be  related  to 
directions  defined  by  some  0 , 0.,  and  <f>  in  the  fashion 
of  Eqs.  27  and  28).  The  integral  I can  then  be  approxi- 
mated by  a sum  and  Eq.  (24)  can  be  written 


ca<,) " ^ 5 K°(air  w oo(<w 

(30) 


r xj 


where  the  kernel  Kq  incorporates  the  range  and  power  pat- 


tern factors  (as  well  as  the  constants  and  K) . 


Then, 

presuming  P (a..)  to  be  measurable  at  each  a. . and  K to 
r 0 r xj  1 1 o 

be  a known  function,  the  system  of  four  equations  can  be 
solved,  thus  giving  oq  at  the  four  points  a^ , (k,£=l,... 
of  A 


.4) 


gd‘ 


The  feasibility  of  this  approach  rests  on  two  require- 
ments: (1)  the  capability  of  reducing  each  cell  to  a size 
fine  enough  to  make  a sum  like  Eq . (30)  a good  approxima- 
tion of  Eq . (24)  and  (2)  the  capability  of  making  a measure- 
ment of  received  power  Pr  for  each  such  small  cell. 
Initially,  these  two  requirements  appeared  to  be  entirely 
realizable  for  a cell  configuration  formed  by  range  and 
Doppler  lines.  However,  some  study  soon  showed  that  range 
ellipses  with  sufficiently  close  spacing  were  incommensurate 
with  the  pulse  length  and  receiver  height  (4100  ft)  avail- 
able to  this  program,  particularly  the  latter. 


With  the  above  approach  unavailable,  it  is  then  neces- 
sary to  make  some  assumptions  concerning  the  behavior  of 


oQ  over  the  illuminated  area  A so  as  to  be  able  to  bring 
oQ  outside  of  the  integral  I in  Eq.  (24).  It  may  be 


reasonably  valid  to  assume  that  oo  is  constant  over  a por- 
tion of  the  region  A and  that  it  may  take  on  different 
constant  values  over  different  portions  of  A This  type 
of  approximation  can  be  handled  by  moving  oQ  to  the  outside 
of  the  integral  I and  replacing  it  in  the  integrand  by  a 
weight  function  W . . The  values  that  W , takes  on  in  dif- 
ferent  portions  of  A ^ may  be  fixed  (1)  by  appeal  to.  pre- 
vious studies,  (2)  by  an  examination  of  the  data  themselves 
(to  determine,  for  instance,  whether  or  not  the  specular 
point  lies  inside  of  A ^)  > or  (3)  by  estimating  the  nature 
of  W ^ by  the  presence  or  absence  of  the  specular  point 
from  portions  of  A ^ (or  from  regions  nearby  that  may  be 
within  the  receiver  sidelobes) . 

When  oo  is  replaced  in  I by  the  weight  function  W ^ , 
the  solution  for  o now  depends  on  simple  algebraic  mani- 
pulation (although  the  quantities  to  be  manipulated  are 
themselves  not  so  simple) . Insofar  as  the  data  analysis 
for  this  program  has  been  concerned,  W ^ has  been  set  equal 
to  unity  over  the  entire  region  A^.  This  choice  is 
tantamount  to  assuming  that  oQ  is  constant  over  A^. 

As  a result  of  these  approximations , the  forms  of 
Eq.  (26)  for  I and  of  Eq . (24)  for  P^  can  be  modified  to 
yield  an  explicit  expression  for  o . Following  additional 
modifications  (in  Section  5.4  below)  of  I to  include  the 
effect  of  receiver  impulse  response,  a final  form  is  given 

for  o in  Section  5.4.3. 

o 

5.3  PATTERN  APPROXIMATIONS  FOR  RECEIVING  AND  TRANSMITTING 

ANTENNAS 

Both  power  patterns  and  gain  were  measured  for  the  3 
and  23  cm  wavelength  receiving  antennas.  Each  agrees  well 
with  the  desired  theoretical  behavior. 


Descriptions  of  the  antennas  and  feed  configurations 
appear  elsewhere  (Section  3.3).  Here,  suffice  it  to  say 
that  the  23  cm  wavelength  paraboloidal  dish  is  3 meters  in 
diameter  and  operates  at  a center  frequency  of  1.315  GHz. 

The  3 cm  wavelength  dish  is  46  centimeters  in  diameter  and 
operates  at  a center  frequency  of  9.45  GHz. 

The  desired  theoretical  pattern  is  presumed  to  arise 

2 2 

from  a tapered  illumination  given  by  a -r  , where  D = 2a  is 
dish  diameter  and  0 S r ^ a.  The  resulting  normalized  power 
pattern  is  then  [10,11] 


At  23  cm,  half  of  the  1/2  and  1/10  power  beamwidths  of 
Eq.  (31)  are,  respectively,  5.46°/2  and  9.36°/2.  The  first 
sidelobe  occurs  at  8.74°  and  has  a level  of  -24.6  dB  with  re- 
spect to  the  mainlobe  peak.  The  second  sidelobe  occurs  at 
13.45°  and  has  a level  of  -33.6  dB/mainlobe. 

At  3 cm,  half  of  the  1/2  and  1/10  power  beamwidths  of 
Eq.  (31)  are,  respectively,  5.06°/2  and  8.70°/2.  The  first 
and  second  sidelobes  occur  at  8.11°  and  12.46°  with  the  same 
levels  as  for  23  cm. 

The  theoretical  peak  gain  Gq  is  calculated  to  be  28.2 
dB  at  23  cm  and  28.9  dB  at  3 cm.  The  measured  values  of 
these  quantities  are  27.7  (VV)  and  25.1  (HH)  for  23  cm  and 
30.5  (HH)  for  3 cm  (W)  for  3 cm. 


10.  S.  Silver,  Microwave  Antenna  Theory  and  Design,  MIT 
Radiation  Lab.  Series,  No.  12,  Boston  Technical 
Lithographers,  Inc.,  Lexington,  Mass.,  1963. 

11.  E.  Jahnke  and  F.  Ernae , Tables  of  Functions  with  For- 
mulae and  Curves,  Dover  Publications,  New  York,  1945. 
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Patterns  for  each  dish  were  measured  for  rotations  of 
the  dish  about  its  axis  by  multiples  of  30°  (with  corres- 
ponding rotations  of  the  transmitting  antenna  about  its 
axis) . The  results  are  given  in  Table  15  for  the  23  cm 
case  and  in  Table  16  for  the  3 cm  case.  The  results  in 
each  case  demonstrate  a very  satisfactory  symmetry  of  the 
pattern  about  the  dish  axis. 

Averages  and  standard  deviation  have  also  been  taken 
over  the  data  set  for  the  beamwidth  and  the  levels  of  the 
first  and  second  sidelobes.  The  conclusions  to  be  drawn 
are  as  follows.  For  23  cm,  Eq . (31)  makes  a satisfactory 
approximation  for  the  actual  pattern  through  the  first 
sidelobe.  Thereafter,  for  the  second  sidelobe,  the  first 
sidelobe  could  be  repeated  with  its  peak  at  -29  dB/main- 
lobe.  For  3 cm,  Eq . (31)  also  makes  a satisfactory  approxi- 
mation through  the  first  sidelobe.  Similarly,  its  second 
sidelobe  should  be  given  a peak  3 dB  below  the  first  side- 
lobe. 

Figures  23  and  24  give  comparisons  of  the  experimental 
and  theoretical  curves  for  23  and  3 cm  wavelengths.  In 
Figure  23,  the  theoretical  and  several  experimental  curves 
are  overlaid.  In  Figure  24,  since  the  pattern  is  so  nar- 
row, the  theoretical  and  experimental  curves  are  placed 
side  by  side. 

In  actual  fact,  the  above  discussion  concerning  side- 
lobes  is  somewhat  moot,  since  it  was  decided  to  limit  the 
receiver  antenna  footprint  size  by  the  -10  dB/inainlobe 
level.  For  both  the  23  and  3 cm  cases,  this  level  occurs 
well  inside  the  mainlobe  where  the  experimentally-measured 
patterns  are  almost  indistinguishable  from  the  theoretical 
ones . 

The  3 dB  beamwidth  for  the  transmitter  antenna  in  the 
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TABLE  15.  23  cm  WAVELENGTH  ANTENNA  CHARACTERISTICS  (MEASURED) 
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horizontal  plane  is  12°  at  both  the  3 cm  and  23  cm  wave- 
lengths. The  vertical  3 dB  beamwidth  for  the  23  cm  antenna 
is  90° , and  for  the  3 cm  antenna  is  13°.  Since  the  distance 
from  the  transmitter  to  the  scattering  area  was  never  less 
than  14,000  ft  (4.27  km)  during  the  measurements,  the 
illuminated  ground  area  always  exceeded  3000  ft  (915  m)  in 
the  zq  and  xq  directions;  also,  the  diameter  of  the  receiver 
scan  arc  never  exceeded  1000  ft  (305  m) . Therefore,  the 
receiver  antenna  footprint  is  always  well  within  the  trans- 
mitter antenna  footprint.  Furthermore,  the  angle  subtended 
by  A ^ at  the  transmitter  is  always  <3°;  therefore,  the 
variation  of  incident  power  over  the  receiver  antenna  foot- 
print is  so  small  that  the  transmitter  antenna  power 
pattern  can  be  taken  to  be  approximately  unity  over  the 
entire  area  that  is,  fT  - 1. 

5.4  SCATTERING  ELEMENT  A FINAL  FORM  OF  EOUATION  FOR  o 

gd’  o 

Let  a vector  be  denoted  by  v [or  by  (x0-y0>z0)l>  or  by 
v if  its  length  |v|  is  unity.  The  receiver  position  has 
already  (Section  5.1)  been  defined  by 


= (0,yi,0). 


The  receiver  antenna  beam  can  be  defined  as  a set  of 
pattern  cones 


w • s — cos  a. 


concentric  about  an  axis 
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where  vc  is  a fixed  vector  to  some  arbitrary  point  on  the 
beam  axis;  s (s  = s/ ] s | ) is  a variable  vector  which  traces 
out  a cone  of  half -angle  ac>  The  angle  ac  is  chosen  to  fix 
some  particular  power  level  of  the  antenna  pattern.  In  all 
of  the  results  to  be  given  below,  uc  is  chosen  to  define 
the  -10  dB  power  level  (with  respect  to  the  peak). 

The  "footprints"  of  the  pattern  cones  on  the  ground 

plane  are  obtained  by  intersecting  the  cones  (Eq.  32)  with 

the  x z -plane  (y  = 0) . These  intersections  are  nested 
o o o 

ellipses  (neither  concentric  nor  confocal) . 

The  integration  area  A ^ does  not  include  an  entire 
receiving  antenna  footprint  if  that  footprint  is  limited 
by  range  curves.  These  range  curves  (curves  of  constant 
range  from  transmitter- to-ground- to-receiver)  are  nested 
ellipses  (again,  neither  concentric  nor  confocal)  defined 
% in  the  following  paragraph. 

Nested  ellipsoids  having  foci  at  the  receiver  and 
transmitter  ?2  are  traced  by  the  vector  ? so  that 

JiMjJ  + i?-P2!  = 2q , (34) 

where  2q  is  a constant  distance  defined  by  the  time  for  a 
signal  to  get  from  transmitter  to  receiver  by  way  of  the 
ellipsoid;  the  factor  of  2 is  included  for  convenience. 
(Different  values  of  2q  yield  confocal  ellipsoids.)  Let 
these  ellipsoids  be  intersected  with  the  ground  plane  y “=0 . 
The  resulting  curves  are  constant  range  ellipses  (which  are 
not  confocal) . If  two  of  these  ellipses  which  are  defined  by 
the  receiver  sampling  time*  and  the  transmitter  pulse  length 
intersect  the  receiver  antenna  footprint,  the  area  A ^ is 

See  Appendix  B for  a description  of  the  circuitry  which 
samples  the  peak  value  of  the  received  bistatic  pulse. 
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modified  accordingly**.  Figure  25  illustrates  both  cases 
where  a footprint  is  and  is  not  cut  by  the  bounding  range 
ellipses . 

To  summarize,  the  integration  area  A ^ is  defined  as 
follows:  Let  the  receiver  footprint  area  of  interest  be 
fixed  by  the  10  dB  pattern  contour: 

Ef  < 1,  (35) 

where  = 1 is  the  ellipse  (see  also  Eq.  (40)  for  the 
canonical  form)  described  by 


s = cos  a , 
= 0. 


(36) 


Now,  let  E = 1 and  Er  = 1 be  successive  range  ellipses 
defined  by  the  receiver  sampling  time  and  the  transmitter 
pulse  length  where  each  Er  = 1 is  an  ellipse  given  by  (see 
also  Eq.  (46)) 


j!^il  + = 2q’ 

< 1 1 (37) 

iy0  - o. 


Then,  A ^ is  the  integration  area  given  by 

Agd  = (Ef  * 1)  H (E  > 1)  O (E  < 1),  (38) 

where  the  symbol  n stands  for  "intersected  with"  and  means 
all  points  common  to  the  three  sets  (that  is,  all  points 


In  general,  it  would  be  possible  for  the  integration  area 
Agd  to  be  modified  by  the  transmitting  antenna  footprint. 
However,  in  this  program,  the  transmitting  antenna  foot- 
print is  so  large  as  to  always  encompass  the  entire  re- 
ceiving antenna  footprint.  (See  Section  5.3.) 
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common  to  the  interior  of  the  receiver  footprint  ellipse,  • 
the  exterior  of  the  first  range  ellipse,  and  the  interior 
of  the  second  range  ellipse). 

Thus,  it  is  easy  to  determine  from  Eq.  (38)  whether 
an  integration  point  P for  perhaps  the  specular  point 


■(- 


*2^1 


;2?1 


(yl+y2)  Vx2+Z2  (yl+y2)  V* 


2^7 

2 z2 


)] 


lies  inside  A^:  the  procedure  is  simply  to  test  whether 

Eff(P)  - 1 at  the  same  time  that  E (P)  > 1 and  E (P)  < 1. 
t ri  r2 

5.4.1  FORMULAS  FOR  FOOTPRINT  AND  RANGE  ELLIPSES 

Footprint  Ellipses:'*  Suppose  the  beam  sice  of  interest 
to  be  specified  by  (See  Eq.  31) 


'J's  i n 


(39) 


Then,  the  receiving  antenna  footprint  ellipse  (Eq.  36)  can 
be  written  in  canonical  form  as 


E , 


_ (x'  - ctr  x)' 
= 


ilLr  ctr  y)  = i. 
b ' ~ 


(40) 


Taking  a'  to  be  the  semi-major  axis,  the  x' ,y ', z ' -system 
can  be  oriented  accordingly  by  placing  the  x'-axis  along 
the  intersection  of  the  plane  of  the  earth  with  the  verti- 
cal plane  determined  by  the  receiver  antenna  beam  axis  and 
the  y^-axis,  using  the  same  origin  as  for  the  xQ ,yQ , zQ-system 
(See  Figure  21)  . The  parameters  for  the  elliptical  foot- 
print are 

^Because  of  the  conditions  set  by  Section  5.3,  only  the  re- 
ceiver antenna  footprint  need  be  considered. 
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a'  - | yx  [tan(0s  + n)  - tan(es  - n)  ]. 


(41) 


,2  2 

n a z _ 

u i ^ _ 00 

b - "72 “2" 


(42) 


a - x. 


oo 


and 


ctr  x = y^  tan(os  - n)  + a'  , 
ctr  y = 0 , 


(43) 


where 


oo 


“ \ Yl  ftan(es  + n)  + tan(es  “ n)  1 " yl  tan  6: 


(44) 


and 


yi 


tan  n 


oo 


(45) 


COS  0 


(The  quantities  and  0g  are  measured  quantities  and  are 
defined  in  Figure  21.)  When  the  area  A ^ is  defined  by  the 
footprint  alone,  it  is  given  by  < 1. 


Range  Ellipses : A range  ellipse  (Eq . 37)  can  be 
written  in  canonical  form7'"  as 


The  eccentricity  of  the  range  ellipse  is  given  by 


e = 


2 , 2 
x2  + z2 


2q 


ground  range 
total  range 
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X 


(4q2-r2+y?)(x2+z2) 


1/21 


2(4q2-X2-z  \) 


[(4q2-r2-y2)  - 4 y2y2]  (4q2-r2-y2)  - 4y2y2 


= 1. 


(4q2~x5-z^) 


T 


4 (4q2-x2- z2  ) 


(46) 


, 2 2,2,  2 

where  r2  = x2  + ^2  + z2 

(x2  being  the  minimum  distance  from  the  foot  of  receiver  to 

the  transmitter  ground  track) . The  parameter  2q  is  de- 
fined** following  Eq.  (34). 


If  the  integration  area  A.  ^ is  to  be  defined  with  the 
help  of  two  range  ellipses  Er^  = l and  = 1,  then  the 
distance  (2q)^  for  the  first  ellipse  is  determined  by  the 
elapsed  time  AT  between  the  end  of  the  received  direct 
pulse  and  the  sampling  time.  Thus, 


(2q)1  = CAT  + d,  d = f^x2  + z2  + (y2  - y-^2.  (47) 

The  second  range  ellipse  E = 1 is  then  given  by 

r2 

(2q) 2 * (2q)1  + p,  (48) 

where  p is  the  distance  corresponding  to  the  transmitrer 
pulse  length  x (p  is  taken  in  this  study  to  be  90  ft) . 


VfV <■  / 2 2 2 

Note  that  (2q)m^n  = yx2  + z2+(y^  + y2)  . the  specular 
distance  from  transmitter  to  receiver. 
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5.4.2  MODIFICATION  OF  I BY  RECEIVER  IMPULSE  RESPONSE 


The  amplitude  response  for  a pulse,  between  the 

ellipses  E_  = 1 and  E = 1,  is  not  uniform;  so,  this  fact 

should  be  accounted  for  in  the  integral  1.  To  determine 

this  response,  measurement  was  made  at  the  output  of  the 

instrumentation  when  a pulse  similar  to  the  transmitted 

pulse  was  fed  into  the  receiver.  The  amplitude  response, 

called  h[t (A) ],  is  shown  in  Figure  26.  Between  the  two 

bounding  ellipses  E =1  and  E = 1,  a continuum  of 

rl  r2 

ellipses  can  be  envisioned  corresponding  to  the  time  con- 
tinuum between  those  curves.  Then,  the  amplitude  response 
can  be  represented  implicitly  as  a function  of  area  A. 

This  idea  is  applied  in  the  computational  work  by  taking  h 
to  be  constant  over  strips  between  successive  ellipses  in 
the  continuum  between  the  bounding  ellipses  E =1  and 

E =1.  For  this  reason,  h has  been  approximated  in 
r2 

Figure  26  by  the  staircase  function  actually  used  in  the 
computation  of  I,  which  is  now  modified  to  be 


■/ 


fR  Wc 


gd 
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r . r 
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hlt(A) ] 
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dA 


(ni  ) 


(49) 


5.4.3  FINAL  FORM  FOR  o 

o 

Now  that  the  interaction  of  the  scattering  properties 
of  the  illuminated  terrain  region  A ^ with  the  incident 
pulse  have  been  replaced  by  suitable  weight  functions,  the 
quantity  c can  be  brought  out  of  the  integral  I to  make 
possible  the  explicit  solution.  Using  Eqs.  (26)  and  (24), 


a 


o 


P.  KI 


l 


(50) 


9! 


Since  both  powers  P^  and  Pr  have  the  same  dimensions,  K 
has  dimensions  of  area,  and  I has  dimensions  of  inverse 
area,  then  the  quantity  oo  is  dimensionless. 

Remarks  concerning  power  and  angle  calibration  and 
their  incorporation  into  the  determination  of  oq  are 
given  in  Section  5 . 7 

5.5  ENSEMBLE  STATISTICS  OF  A SET  OF  SCATTERING  ELEMENTS; 
PARAMETER  VARIATION 

The  quantity  is  a random  variable  whose  distribu- 
tion is  governed  by  the  type  and  condition  of  the  terrain 
it  describes.  Thus,  in  order  to  estimate  the  statistics 
of  the  terrain  being  measured,  the  number  of  samples  taken 
at  a fixed  set  of  parameters  must  be  sufficiently  large. 
Unfortunately,  the  number  of  samples  required  is  based  on 

the  distribution  of  the  terrain  clutter  o that  must  be 

o 

approximated  with  the  sample  statistics.  Since  such  dis- 
tributions are  unavailable,  estimates  must  be  made. 

Long  [12]  gives  the  probability  distribution  for  mono- 
static backscattering  from  terrain.  For  homogeneous  terrain, 
the  distribution  tends  to  be  Rayleigh,  but  distributions  for 
urban  and  mountainous  areas  have  long  tails  typical  of  log- 
normal distributions.  Figure  27  shows  histograms  of  mono- 
static return  data  taken  with  the  ERIM  synthetic  aperture 
radar.  These  distributions  are  reasonably  close  to  being 
log-normal.  Since  the  distribution  of  clutter  return  often 
becomes  log-normal  as  the  area  of  the  resolution  cell 

12.  M.VJ.  Long,  Radar  Reflectivity  of  Land  and  Sea, 

Lexington  Books,  Lexington,  Mass.,  1975,  p.  156. 
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decreases,  fine-resolution  SARs  are  more  likely  to  measure 
log-normal  distributions  than  conventional  radars. 

For  the  data  of  Figure  27,  the  standard  deviation  s of 
log  aQ  is  in  the  order  of  3 or  4 dB,  For  a Rayleigh  dis- 
tribution, the  standard  deviation  is  5.6  dB,  so  that  the 
log-normal  distribution  makes  a fair  approximation  of  the 
Rayleigh.  Thus,  the  log-normal  provides  a good  approxima- 
tion of  ground  clutter  returns  no  matter  whether  they  are 
actually  log-normal  or  Rayleigh  distributed.  So  it  is 
assumed  here,  for  purposes  of  estimating  desired  sample 
size,  that  terrain  clutter,  both  monostatic  and  bistatic, 
is  log-normally  distributed. 

From  standard  statistical  theory,  the  95%  confidence 
interval  for  the  population  mean  is  given  by 


a 


o 


1.96s 
— zr~  < vi 
/ n 


< o. 


1.96s 

/TT 


(51) 


where  aQ  is  the  mean  of  n samples,  while  p and  s are  the 
mean  and  standard  deviation  of  the  terrain  clutter  popula- 
tion. The  95%  confidence  interval  for  p is  therefore 
3.92s//n  dB  in  width.  Figure  28  shows  plots  of  3.92.s/^n 
for  s equal  to  3 and  5 dB  for  sample  numbers  n ranging  from  4 
to  20  (which  is  representative  of  the  range  of  oQ  samples 
obtained  in  this  program) . 

To  achieve  the  desired  number  of  samples,  the  receiving 
antenna  is  made  to  rotate  from  side  to  side  as  the  trans- 
mitting antenna  travels  along  a straight-line  course.  The 
angles  defining  the  direction  of  look  of  the  receiving 
antenna  and  the  direction  of  the  transmitter  from  the  re- 
ceiver are  each  measured  clockwise  from  the  negative  zQ-axis 
of  Figure  1;  they  are  called  SCAN  and  TRACK,  respectively. 

For  the  forward  scattering  case  (scattering  area 
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Figure  28.  Width  of  957=  Confidence  Interval  vs.  Number  of  Samples 


between  transmitter  and  receiver)  , the.  azimuth  angle  4>g  is 
given  approximately*  by 

<j>  = | SCAN  - TRACK  | . (52) 


Since  SCAN  moves  through  its  range  (typically  65  through 
155°)  many  times  (typically  20)  during  a pass  of  the  trans- 
mitter (TRACK  range  typically  45°  through  135°)  , <J>S  takes 
on  the  same  (largely  acute)  value  many  times.  Each  of 
these  4)  values  occurs  for  a different  terrain  scattering 
element  in  an  essentially  homogeneous  field  or  region  of 
terrain;  in  this  way,  the  sought-after  set  of  scattering 
element  (or  aQ)  samples  is  obtained.  If  values  of  SCAN  and 
TRACK,  are  approximated  to  the  nearest  multiple  of  5 , then 
a typical  sample  number  range  of  4 to  20  can  be  expected. 


For  the  backscattering  case  (receiver  between  scatter- 
ing area  and  transmitter)  , the  azimuth  angle  c|>g  is  given 
approximately  by 


s 


iSCAN  - TRACK j-  180 


(53) 


since,  in  this  case,  SCAN  is  measured  clockwise  from  the 
positive  z -axis  while  TRACK  is  measured  clockwise  from  the 
negative  zQ-axis  as  above.  (In  other  words,  the  receiver 
is  rotated0 through  180°  and  the  SCAN  angle  measurement  rela- 
tive to  the  receiver  itself  is  unchanged.)  SCAN  and  TRACK 
move  through  essentially  the  same  ranges  as  above,  and  so 
(J;  takes  on  mainly  obtuse  values.  Once  again,  each  4>s  value 
is  repeated  many  times,  each  time  for  a different  terrain 


*The  precise  value  is 

d,  = ISCAN  - TRACK | + arcsin 


y tan  9 sin  | SCAN-TRACK | 
y 2 tan  6^ 


However 

merator 


since  the  denominator  is  much  larger  than  the  nu- 
in  the  arcsine  argument,  the  arcsine  value  is  close 


to  zero. 
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scattering  element.  Typical  numbers  of  samples  are  in  the 
same  range  as  for  the  forward  scattering  case. 

Actually,  for  a given  value  of  to  be  repeated, 
special  provisions  would  be  required.  As  has  been  docu- 
mented elsewhere  in  this  report  (Appendix  D)  , angle  digitiza- 
tion is  done  on  the  basis  of  a number  of  voltage  intervals 
whose  total  encompasses  the  total  angular  excursion  (of 
either  SCAN  or  TRACK)  for  a pass.  Each  voltage  interval 
thus  corresponds  to  an  angular  interval;  for  this  interval, 
the  median  value  is  digitized.  If,  instead,  the  digitized 
angle  were  always  placed  at  an  integer  multiple  of  5°,  then 
| SCAN  - TRACK | would  give  exact  repetitions  of  <J>  . In  this 
case,  oq  would  be  averaged  over  the  number  of  repetitions 
of  (J) , . Since  the  special  assignments  of  SCAN  and  TRACK 
values  are  not  made,  no  repetitions  of  are  guaranteed. 

However,  an  arrangement  essentially  equivalent  to  the 
above  is  obtained  by  striking  an  average  of  all  aQ  values 
over  a range  of  <|>  values  within  2%°  on  either  side  of  in- 
teger  multiples  of  5 . In  this  interval  of  (f>  s , samples  may 
come  from  any  portion  of  the  pass  and  so  the  incidence  angle 
0 ^ may  vary  by  the  maximum  amount  possible  in  the  total  pass. 
The  incidence  angle  is  given  approximately*  by 

x9  esc (TRACK) 

0 . = arctan (54) 

^2 

and  so  varies  directly  as  csc(TRACK) . In  a pass  with,  say, 


The  exact  expression  is 


1 yx2  C8C^  [TRACKj  - 2x2  ^1  Can  °s  i1  + c08  [SCAN])  + tan^Og^]  + cos^[SCAN]j 


^2 
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x2  * 18,000  ft,  y2  = 6,000  ft,  and  TRACK  between  65°  and 
155°,  the  incidence  angle  may  change  by  as  much  as  9° 
for  samples  at  the  beginning  and  end  of  the  pass.  This  is 
the  most  serious  change  in  any  parameter  over  any  set  of 
samples;  it  may  or  may  not  occur  in  any  particular  sample 
set  depending  on  the  portions  of  the  pass  for  which  SCAN 
and  TRACK  combine  to  give  a particular  d>  value.  The 
scattering  angle  6 , of  course,  remains  fixed  throughout  a 
given  pass . 


Since  oq  samples  may  come  from  any  part  of  a pass  , 

the  sizes  of  A ^ and  values  of  KI  may  vary  correspondingly. 

Consider  a 23  cm  wavelength  example  for  which  y^  = 100  ft, 

6g  = 80°,  x2  = 20,000  ft,  and  y2  = 6,000  ft.  Then,  for  all 

of  the  (SCAN,  TRACK)  pairs  (90°,  90°),  (120°,  120°),  and 

(150°,  150°),  4>  is  0°.  Assuming  that  the  first  limiting 
s 

range  ellipse  passes  through  the  intersection  of  the  re- 
ceiver antenna  beam  axis  with  the  earth  and  the  second 
limiting  range  ellipse  occurs  90  nanoseconds  later,  there 
are  pronounced  differences  in  A ^ and  KI  values  because  of 
the  range  changes  involved.  Table  17  illustrates  these 
differences.  Graphs  of  A^  for  the  three  sets  of  conditions 
covered  in  the  table  are  shown  in  Figures  29,  30,  and  31, 
respectively . 

As  the  values  of  $s  change,  A ^ can  vary  over  a much 
wider  range;  but,  due  again  to  the  changing  ranges  from  A^ 
to  transmitter  and  receiver,  the  values  of  KI  seldom  suffer 
more  than  4 to  6 dB  excursions.  Illustrations  of  this  be- 
havior of  A ^ and  KI  are  afforded  by  the  five  illustrations 
(using  the  above  values  of  y^,  e , x2 , and  y2) , three  for 
forward  and  two  for  backscattering , given  in  Table  18.  The 
areas  A ^ corresponding,  respectively,  to  the  five  sets  of 
conditions  covered  in  the  table  are  shown  in  Figures  32,  33, 
34,  35 , and  36 . 
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TABLE  17.  VARIATIONS  IN  Agd  AND  KI  VALUES 


SCAN 

TRACK 

<P 

s 

A , 

_gd 

KI 

(deg) 

(deg) 

(deg) 

(to?) 

W 

90 

90 

0 

4387 

-97.6 

120 

120 

0 

4475 

-99.2 

150 

150 

0 

4855 

-103.0 

TABLE  18 . BEHAVIOR  OF  A„d  AND  KI  FOR 
FORWARD  AND  BACKS CATTERING  CASES 


SCAN 

TRACK 

< !> 

s 

Agd 

KI 

(deg) 

(deg) 

( deg  7 

(m^) 

w 

60 

60 

0 

4475 

-99.2 

90 

60 

30 

4065 

-95.2 

120 

60 

60 

1579 

-96.5 

60  (back) 

60 

180 

468 

-101.1 

120  (back) 

60 

120 

614 

-100.2 

100 


.Ill  full  -i|"nrl,|'-'lJ"t‘,Jk 
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5.6  DATA  PROCESSING:  a VS  AZIMUTH  d> 

o Ys 

Digitization  and  processing  of  the  measured  data  are 
accomplished  in  three  phases.  The  first  phase  is  the  con- 
version of  analog  signals  to  digital  format,  in  which  re- 
ceived power  is  averaged  over  a fixed  number  of  pulses. 

These  power  digitizations  are  then  converted  into  dBm  out- 
put versus  SCAN  and  TRACK  angles  on  the  basis  of  fixed  power 
and  angle  calibrations  for  the  3 and  23  cm  wavelengths. 

Simultaneously,  or  perhaps  somewhat  in  advance  of  the 
first  phase,  a second  phase  is  carried  out  to  compute  values 
of  the  dimensionless  product  KI  as  a function  of  the  SCAN 
and  TRACK  angles  for  both  the  3 and  23  cm  wavelengths. 

These  results  are  thus  available  for  hand  calculations  of 
oq  as  soon  as  the  first  measured  data  are  obtained.  They 
serve  both  to  check  the  data  quality  from  initial  passes 
and  as  a standard  against  which  to  compare  later  (high-speed) 
digital  processing  of  the  data. 

The  third  phase  is  the  preparation  of  an  interface 
program  to  connect  the  first  and  second  phases.  Thus,  the 
resulting  program  permits  automatic  processing, proceeding 
directly  from  recordings  of  raw  data  to  the  average  value 
of  terrain  radar  cross  section  per  unit  area,  o , as  a 
function  of  azimuth  angle  $ for  fixed  scattering  angle  0g 
and  nominally  fixed  incidence  angle  0..  . Details  of  these 
computer  programs  are  given  in  Appendix  D. 

As  a final  modif ication  of  the  data,  a transmitter 
illumination  correction  is  computed  from  flight  information 
recorded  during  a pass.  Since  this  correction  is  equivalent 
to  a change  in  the  transmitter  antenna  gain,  it  can  be 
easily  incorporated  at  the  very  end  of  the  data  processing 
procedure  as  a simple  modification  of  the  constant  K. 

In  the  following  section,  the  ao  results  are  given  for 
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the  various  passes  of  the  flights  carried  out  during  the 
program. 

5.7  RESULTS:  PLOTS  OF  ort  VS  <f>  OVER  A SET  OF  PARAMETER 

VALUES  0 s 

Data  are  presented  in  this  section  for  three  flights, 
referred  to  by  their  dates  as  Flights  7/2/76,  7/9/76,  and 
7/17/76.  Each  flight  consisted  of  a series  of  passes,  each 
of  which  yields  a particular  parametric  situation  for  ele- 
vation angles  and  distances.  A pass  is  identified  by  its 
number  in  a given  flight.  Tables  7,  8,  and  9 provide  com- 
plete lists  of  parameter  values  for  the  respective  flight 
dates  listed  above.  For  each  flight,  data  are  available  at 
two  frequencies;  these  data  are  referred  to  by  their  wave- 
length values  as  23  and  3 cm  data.  Descriptions  of  terrain 
conditions  appear  in  Section  5.8. 

The  first  and  second  flights  (7/2/76  and  7/9/76)  were 
essentially  of  a check-out  and  shakedown  nature;  so,  al- 
though the  resulting  data  are  of  interest,  discussion  of 
these  flights  is  deferred  to  the  end  of  this  section.  The 
third  flight  (7/17/76)  provides  perhaps  the  most  interesting 
dtta,  since  six  of  the  passes  can  be  paired  on  the  basis  of 
the  same  nominal  0.  and  0 to  yield  both  forward  and  back- 
scattering  conditions.  The  pairs  are  Passes  3 and  9,  Passes 
4 and  7,  and  Passes  5 and  6,  where  the  first-mentioned  of 
each  pair  is  the  forward  scattering  configuration.  There- 
fore, the  processing  of  data  (Section  5.6)  has  been  arranged 
so  that  data  from  the  pairs  can  be  combined,  giving  in 
general  a portrayal  of  o for  4>  running  all  the  way  from  0° 
to  180°.  Due  to  physical  limitations  on  SCAN  angle,  gaps 
may,  in  some  cases,  occur  in  the  a values  near  <|>  = 90°;  in 

other  cases,  overlapping  points  may  arise  from  the  forward 
and  backscattering  passes. 
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5.7.1  FLIGHT  7/17/76 


Figures  37  and  38  show  o vs  $ as  derived  from  the 

o s 

data  of  Passes  4 and  7 of  Flight  7/17/76  for  the  23  cm  and 

3 cm  wavelengths , respectively.  The  oq  results  are  some 

5 to  10  dB  higher  for  the  3 cm  wavelength  than  for  the  23 

cm  wavelength  across  the  entire  domain  of  4>  . The  aspect 

o s 

conditions  here  are  80°  for  6g  and  nominally  75°  for  0^. 

Figures  39  and  40  show  vs  $ as  derived  from  the 
data  of  Passes  5 and  6 of  Flight  7/17/76  for  the  respective 
wavelengths  of  23  and  3 cm.  Once  again,  the  3 cm  results 
are  some  5 to  10  dB  higher  than  the  23  cm  results  across 
all  4>  values.  The  aspect  conditions  here  are  80°  for  0g 
and  nominally  70°  for  6^. 

Figures  37  and  38  illustrate  the  case  of  data  overlap, 
in  the  vicinity  of  <b  = 90°,  resulting  from  the  forward  and 

b 

backscattering  passes.  Figures  39  and  40  illustrate  the 
case  c.'  a gap  in  the  data  in  the  neighborhood  of  $ = 90°. 

Fi *ures  41  and  42  show  a vs  4 as  derived  from  the 
° o s 

data  of  Passes  3 and  9 of  Flight  7/17/76  for  the  respective 

wavelengths  of  23  and  3 cm.  Here,  the  results  are  somewhat 

more  difficult  to  compare.  For  the  small  values  of  <j>  , the 

a values  for  23  and  3 cm  differ  little;  but,  as  <j> 
o . s 

increases  to  its  mid-range,  the  23  cm  aQ  values  fall  rapid- 
ly while  the  3 cm  values  change  very  little,  resulting  in 
the  latter  becoming  some  10  to  20  dB  greater  than  the  former. 
Then,  as  <pg  approaches  180°,  the  23  cm  and  3 cm  values 
again  approach  each  other,  the  latter  being  only  2 to  4 dB 
greater  than  the  former.  The  aspect  conditions  for  Passes 
3 and  9 were  80°  for  0g  and  nominally  80°  for  0^.  For  these 
conditions,  the  specular  point  is  within  or  very  near  to 
being  within  the  illuminated  area  A ^ As  a result,  cio  is 
no  doubt  much  higher  near  <f>g  = 0 than  it  was  for  Passes  4 


ill 
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Figure  38.  a vs.  <j>  for  Passes  k and  7,  Flight  7/17/76,  at  3 cm 


Figure  42.  a vs.  $ for  Passes  3 and  9,  Flight  7/17/76,  at  3 cm 
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and  7 and  Passes  5 and  6 where  the  specular  point  is  gated 
out  by  limiting  range  ellipses*.  Thus,  for  the  23  cm  data, 
it  can  be  seen  that  a much  more  rapid  fall-off  of  oQ  occurs 
as  <j>  increases  from  0°  than  in  the  data  of  Figures  37  or 

u 

39.  However,  this  particular  phenomenon  is  not  present  for 
the  3 cm  ao  results,  since  the  degree  of  surface  roughness 
at  the  3 cm  wavelength  apparently  mitigates  the  effect  of 
the  specular  point  in  the  illuminated  area  A j. 

As  is  noted  above,  the  three  pairs  of  passes  (4,7), 

(5,6),  and  (3,9)  provide  data  at  three  nominally  different 

values  of  0.,  for  fixed  G . In  spite  of  this  small  number 
1 s 

of  incidence  angles,  it  is  tempting  to  fix  the  azimuth  <f> 

s 

at  various  values  and  look  at  oq  vs  0^.  Although  it  is 
dangerous  to  attempt  firm  conclusions  concerning  the  be- 
havior of  oQ  as  a function  of  incidence  angle  for  such  a 
small  number  of  points,  certain  observations  are  in  order. 

Figure  43  shows  six  plots  of  oq  vs  0^,  where  0^  takes 

only  the  values  70°,  75°,  and  80°.  The  scattering  angle  is 

fixed  at  8 = 80°  for  four  of  the  plots  and  at  0 = 70°  for 

s s 

the  remaining  two.  The  azimuth  values  are  chosen  to  be 

<J>  = 0°,  45°,  90°,  135°,  and  180°,  the  latter  two  being  the 
s 

only  applicable  ones  for  6 = 70°. 

S / 

In  Figure  43a,  the  very  interesting  behavior  of  the 

<p  =0°  data  from  Passes  3,  4,  and  5 immediately  attracts 
s 

the  attention.  These  data  certainly  increase  steadily  as 
0.  approaches  equality  with  0 , in  keeping  with  the  fact 
that  the  specular  point  approaches  the  receiver  antenna 
footprint  center  as  these  two  angles  approach  equality. 

The  4>  - 180°  data  at  0 = 80°  in  Figure  43b  are  not  too  dif- 

® **  o 

ferent  in  behavior  and  magnitude  from  those  at  0s  = 70  in 


* 


These  ellipses 


are  discussed  in  Section  5.4. 
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(a)  Passes  3,4,5;  0 


(b)  Passes  6,7,9;  0 


Gj (deg) 


@i  (deg) 


(e)  Passes  3,4,5;  0 - 80,  $ s 45;  (d)  Passes  3, 4, 7, 9;  9 

s s 

0 - 80,  (p  = 135  (darkened)  ! 
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Figure  43.  a vs.  0.  for  Flight  7/17/76 
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Figure  43f,  aside  from  one  rather  high  value  at  the  3 cm 
wavelength  from  Pass  10.  Figure  43c  shows  a comparison  be- 
tween data  for  <f>  = 45°  and  data  for  <J>  - 135°.  The  two 

f!  S 

sets  are  not  markedly  different.  Finally,  it  should  be 
noted  that  the  3 cm  data  in  all  cases  range  from  0 to  20  dB 
above  the  corresponding  23  cm  data. 

In  Section  5.5,  it  was  concluded  that  the  log-normal 
distribution  should  be  considered  as  a leading  candidate  to 
describe  the  behavior  of  o . Realizing  that  a statistically 
rigorous  determination  of  the  distribution  of  aQ  cannot  be 
made  from  the  small  number  of  samples  available  at  any  fixed 
set  of  parameter  values,  it  is  still  tempting  to  compare  the 
scatter  of  aQ  values  with  a typical  standard  deviation  of  a 
log-riormal  distribution.  This  comparison  is  made  in  Figure 
44,  using  aQ  as  the  mean  and  s = 5 dB  as  the  log-normal 
standard  deviation.  (The  comparison  is  not  exactly  appro- 
priate, since  the  parameter  is  permitted  to  vary  rather 
than  to  be  held  fixed.)  The  figure  shows  that  approximately 

66%  of  the  o values  lie  within  one  standard  deviation  of  o . 

o o 

In  anticipation  of  the  next  subsection,  a comparison 
can  be  made  between  aQ  for  Pass  7 of  Flight  7/9/76  and  oo 
for  Pass  3 of  Flight  7/17/76  at  the  3 cm  wavelength.  The 
incidence  and  scattering  angles  for  these  two  passes  are 
quite  similar;  0 = 85°  and  9.  = 83°  for  the  former  while 

6 = 80°  and  0.  - 80°  for  the  latter.  However,  the  terrain 

S X 

conditions  examined  by  the  two  passes  are  quite  different. 

For  pass  7,  the  terrain  consisted  of  partly  concrete  apron 
and  partly  short  grass.  For  Pass  3,  the  terrain  consisted 
of  tall  weeds  and  scrub  trees.  In  other  words , the  latter 
was  much  the  rougher  (at  the  3 cm  wavelength)  of  the  two 
terrain  regions.  Figure  45  shows  the  comparison  between  oQ 
values  for  the  two  passes.  Clearly,  the  aQ  values  for  the 
smooth  terrain  (Pass  7)  are  some  10  dB  or  more  lower  than 


i 
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the  oq  values  for  the  rough  terrain,  over  the  entire  range 

of  <|>  for  which  the  data  are  comparable  (0  S 55°) . 
s s 

A second  comparison  of  data  for  these  two  flights  is 
possible  for  the  23  cm  wavelength.  Here,  however  data  are 
taken  from  the  last  half  of  each  of  the  passes^.  Figure  46 
shows  the  comparison.  Once  again,  it  is  seen  that  the  Pass 
7 data  fall  10  dB  or  more  below  the  Pass  3 data.  An  excep- 
tion to  this  situation  occurs  in  the  vicinity  of  <|>  = 60° 

where  the  Pass  7 data  increase  in  magnitude.  It  is  possible 
that  this  increase  in  magnitude  of  a can  be  ascribed  to  an 
aircraft  which  taxied  into  the  illuminated  area  during  the 
pass.  Its  presence  for  23  cm  and  not  for  3 cm  may  result 
from  the  dominant  scattering  return  from  the  aircraft  being 
of  the  traveling  wave  type. 

Comparisons  can  also  be  made  between  some  of  the  sub- 
ject data  of  this  program  and  data  recorded  some  years  ago 
by  Ohio  State  University  researchers.  Conditions  are  by  no 
means  the  same  for  the  two  sets  of  data,  yet  it  may  be 
appropriate  to  compare  those  terrain  conditions  for  which 
the  ratio  of  vegetation  size  to  wavelength  is  similar.  For 
example,  the  Environmental  Research  Institute  of  Michigan's 
23  cm  data  from  Passes  3 and  12  of  Flight  7/17/76  were  re- 
corded for  terrain  covered  with  4 ft  weeds  and  brush.  On 
the  other  hand,  some  of  the  OSU  data  [ 13]  were  recorded  for 


13.  R.L.  Cosgriff,  W.H.  Peake,  and  R.C.  Taylor,  Terrain 

Scattering  Properties  for  Sensor  System  Design  (Terrain 
Handbook  II) , Engineering  Experiment  Station  Bulletin 
No.  181,  Ohio  State  University,  Columbus,  May  1960. 

Section  5.8  explains  the  reasons  for  giving  special  con- 
sideration to  the  first  half  and  the  last  half  of  the 
data  recorded  during  a pass , in  addition  to  an  analysis 
of  all  of  the  data  recorded  during  a pass.  This  section 
also  includes  a ground  truth  characterization. 
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3 inch  green  soybeans  and  4 inch  oats  in  head  (July)  at  a 
3 cm  wavelength.  Table  19  shows  a comparison  of  these  data 
for  “ 8S  “ 70°  (Pass  12)  and  80°  (Pass  3)  as  well  as  for 
<Jjs  * 180°.  Note  that  the  values  are  remarkably  close. 

A second  comparison  is  possible  for  a forward  scatter- 
ing situation.  In  Figure  47 , the  incidence  and  scattering 
angles  are  equal  and  the  same  (80°)  for  both  sets  of  data. 
The  LRIM  data  in  this  figure  are  taken  from  Passes  3 and  9 
of  Flight  7/17/76;  they  cover  4 ft  weeds  and  brush  at  the 
23  cm  wavelength.  The  OSU  data  shown  [14]  are  4 inch  soy- 
bean foliage  at  a 3 cm  wavelength.  Both  data  sets  were 
collected  at  horizontal-horizontal  polarization.  Although 
the  data  themselves  differ  markedly  at  some  aspects,  the 
trends  for  the  two  data  sets  are  remarkably  similar. 

5.7.2  FLIGHT  7/9/76 

Figures  48,  49,  50,  and  51  show  o vs  <J>  as  derived 

U D 

from  Passes  2,  5,  6,  and  7 of  the  7/9/76  flight.  For  all 
of  these  passes,  the  scattering  angle  is  fixed  at  0 = 85° 

and  the  incidence  angle  6^  has  the  nominal  value  of  80  . 
Since  the  region  of  terrain  examined  is  essentially  the  same 
for  each  pass,  the  data  can  be  grouped  to  provide  a larger 
number  of  samples  for  each  of  the  values  of  interest. 
Thus,  all  data  from  each  of  Passes  2,  5,  and  7 are  grouped 
to  provide  aQ  vs  <}>  as  shown  in  Figure  48  for  23  cm,  and  in 
Figure  49  for  3 cm  wavelength.  The  last  half  of  data  from 
each  of  Passes  2,  5,  6,  and  7 are  grouped  to  yield  o vs  A 
as  shown  in  Figure  50  for  23  cm  wavelength,  and  in  Figure 
51  for  3 cm  x*ave length. 


14.  S.T.  Cost,  Measurements  of  the  Bistatic  Echo  Area  of 
Terrain  at  X-Band,  Report  No.  1822-2,  Ohio  State 
University  Research  Foundation,  Columbus,  May  1965. 
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TABLE  19.  COMPARISON  OF  ERIM  AND  OSU 
BACKSCATTERING  <*  - 180°)  oq  DATA 


0.  « 0 . _ o (dB) 

i s Description  Passes  o v 


70 

ERIM  23  cm  data: 

4 ft  weeds  & brush, 
7/17/76 

12 

-18 

70 

OSU  3 cm  data:  3 in. 
green  soybeans 

-22 

70 

OSU  3 cm  data:  4 in. 
oats  in  head  (July) 

-20 

80 

ERIM  23  cm  data: 

4 ft  weeds  & brush, 
7/17/76 

3 

-20 

80 

OSU  3 cm  data:  3 in. 
green  soybeans 

-26 

80 

OSU  3 cm  data:  4 in. 
oats  in  head  (July) 

-21 

Comparison  of  ERT.M  and  OSU  Data 


Over  All  Passes) 
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l 


^tflforC;  I-'. 


at  23  cm  (Averages  Over  All  Passes) 


asses  2,  5,  6,  and  7,  Flight  7/9/76 
ges  Over  All  Passes) 


To  give  an  idea  of  the  spread  of  oQ  values  for  the 
passes  discussed  above,  these  data  have  been  averaged  for 
each  pass  and  the  resulting  aQ  are  all  plotted  on  the  same 
graph.  Thus,  the  oQ  vs  <j>g  values  for  each  of  Passes  2,  5, 
and  7 are  plotted  in  Figure  52  for  23  cm,  and  in  Figure  53 
for  3 cm.  For  each  pass,  all  data  were  used  in  finding  the 
averages.  The  a vs  <h  values  for  each  of  Passes  2,  5,  6, 

U b 

and  7 are  plotted  in  Figure  54  for  23  cm  and  in  Figure  55 
for  3 cm.  Here,  only  the  data  from  the  last  half  of  each 
pass  were  used  in  computing  the  averages. 

5.7.3  FLIGHT  7/2/76 

Although  the  measurements  flight  of  2 July  1976  was 
intended  primarily  for  instrumentation  verification  and 
procedure  evaluation,  several  passes  provided  usable  data. 

Only  limited  data  samples  are  available  due  to  difficulty 
with  the  receiving  antenna  scanning  system. 

Due  to  the  extensive  data  obtained  from  the  two  suc- 
ceeding data-gathering  flights,  the  analysis  of  the  2 July 
data  was  given  low  priority  and  only  preliminary  results 
are  available.  Examples  of  preliminary  results  are  given 
in  Figure  56  for  23  cm.  As  in  the  case  of  the  9 July  data, 
the  receiving  antenna  was  at  a fixed  Gg  value  of  85°.  6^ 

values  of  66°  and  57°  were  realized  during  the  2 July  flights. 

The  a values  obtained  are  about  10  dB  lower  than  those  ob- 
o 

tained  for  the  more  nearly  grazing  angles  of  Flight  7/9/76. 
Also,  due  to  the  difficulty  with  the  receiving  antenna  scan- 
ning system,  data  are  available  from  azimuth  angles  of  only 
0 to  40  degrees. 

The  results  obtained  appear  to  be  consistent,  because 

the  scattering  patterns  would  be  expected  to  fall  fairly 

rapidly  for  the  smooth  scattering  surfaces  of  Site  1 as  the 

difference  between  9 and  0.  increases. 
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Figure  52.  oq  vs.  <J>g  for  Passes  2,  5,  and  7,  Flight  7/9/76, 
at  23  cm  (Separate  Averages  for  Each  Pass) 
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5.8  SUMMARY  OF  EXPERIMENTAL  CONDITIONS  AND  RESULTS 

The  values  of  bistatic  aQ  obtained  in  this  experiment 
are  in  general  agreement  with  previous  measurements,  al- 
though the  existing  data  base  is  very  limited  (Section  5.7.1). 
Since  only  a small  subset  of  the  total  matrix  of  bistatic 
angles  is  covered  in  the  present  program,  additional  mea- 
surements will  be  necessary  to  obtain  a complete  measure  of 
bistatic.  scattering  characteristics.  Two  terrain  types  were 
measured:  (1)  smooth  grassy  terrain  including  cement  ramp 
areas  and  (2)  tall  weeds  with  scrub  trees.  A summary  of  the 
terrain  types  and  conditions  existing  during  the  measurements 
is  given  in  Table  20.  See  also  Figures  57  through  61.  A 
summary  of  all  digitized  bistatic  data  is  given  in  Table  21. 

5.8.1  SYSTEM  OPERATION 

Instrumentation  problems  were  encountered  during  the 
first  test  and  data  gathering  flight  on  2 July  1976.  These 
problems  resulted  from  wind  loading  on  the  receiving  antenna 
servo  drive  system.  As  a result,  the  data  were  obtained  with 
the  receiving  antenna  at  a fixed  azimuth  angle  of  88°  (view- 
ing toward  268°).  The  servo  motor  was  replaced  and,  on  the 
two  subsequent  data-gathering  operations  (7/9/76  and  7/17/76), 
the  antenna  system  functioned  satisfactorily.  Some  delays 
in  operation  were  experienced  due  to  high  wind  conditirns, 
however . 

For  the  first  and  second  data-gathering  operations, 
the  receiving  antennas  were  mounted  on  the  ERIM  hangar 
building  at  a height  of  45  ft  above  ground.  During  the 
third  and  final  data-gathering  flight,  the  antennas  were 
mounted  on  a crane  and  raised  to  a height  of  100  ft  (Figure 
2. 
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Figure  57.  View  from  Receiving  Antenna  at  Site 


Lgure  58.  View  of  Grassy  Area  at:  Site 


60.  View  from  Base  of  100  ft;  Tower  at  Site 


Figure  61.  Close-Up  View  of  Weeds  at  Site 


TABLE 

21. 

SUMMARY  OF 

DIGITIZED  BISTATIC  DATA 

Track  Angle 

(TRACK) 

Site 

Flight 

Pass 

CCT-File 

Start 

(deg) 

End 

(3Sg> 

No . 

7/2/76 

4 

19  - 2 

73 

111 

1 

5 

19  - 3 

68 

100 

6 

19  - 4 

61 

96 

8 

19-5 

74 

107 

10 

19  - 7 

77 

11.5 

7/9/76 

2 

18-2 

51 

112 

1 

5 

18-3 

78 

94 

6 

18-4 

47 

130 

7 

18  - 5 

48 

132 

7/17/76 

3 

16-2 

47 

174 

o 

L. 

4 

11-2 

49 

111 

5 

11  - 3 

71 

140 

6 

11  - 4 

A 9 

145 

7 

11  - 5 

48 

141 

9 

16  - 3 

41 

150 

10 

16-4 

48 

150 

11 

16  - 5 

50 

151 

12 

17  - 2 

50 

149 

145 


5.8.2  SYSTEM  MEASUREMENTS 

All  angle  measurements  are  oriented  with  respect  to 
magnetic  directions;  for  example,  values  of  SCAN  and  TRACK 
are  defined  as  90°  when  the  direction  of  look  is  toward 
magnetic  West  (Figure  1).  During  Passes  6 through  12  on 
7/17/76,  the  direction  of  receiving-antenna  look  was  rotated 
by  180°  to  obtain  bistatic  backscatter  components;  for  these 
passes,  SCAN  = 90°  corresponds  to  viewing  toward  magnetic 
East.  The  reference  of  TRACK  remained  the  same  during  the 
entire  experiment. 

Transmitter  illumination  corrections  are  calculated 

using  (1)  <J>traCK  information,  (2)  aerial  photographs  to  deter- 
mine the  actual  ground  track  for  each  pass  (maps  of  these 
ground  tracks  are  shown  in  Figures  16,  17,  and  18),  (3) 
transmitter  antenna  scan  angle  records  (outputs  of  the  air- 
borne recorder),  (4)  voice  reference  marks,  and  (5)  timing 
marks.  These  corrections  are  made,  when  necessary,  as  a 

function  of  $TPACK  angle,  however,  for  the  time  interval  cor- 
responding to  a single  scan  of  the  receiving  antenna,  the 
illumination  correction  is  assumed  not  to  change.  Since  the 
EPvIM  data  analysis  program  computes  the  effective  scattering 
area  on  the  basis  of  the  10  dB  receiver-response  contour, 
the  angular  extent  of  this  area  (as  viewed  from  the 

transmitter)  is  less  than  3°;  therefore,  the  variation  in 
illumination  is  small  for  most  geometries.  However,  some 
situations  exist  where  the  scattering  ground  patch  is  near 
the  first  "null"  (which  is  down  approximately  11  dB)  of  the 
transmitter  antenna;  in  these  situations,  there  could  be 
several  dB  variation  within  three  degrees.  Since  the 
estimated  transmitting  antenna  pointing  accuracy  is  approxi- 
mately 1°,  no  additional  corrections  were  made  for  these 
situations.  One  of  the  recommendations  discussed  in  Section 


i 
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7 is  a system  modification  to  correct  this  problem  and  to 
reduce  (by  3 dB)  the  error  now  produced  by  variations  in 
illumination  level.  This  modification  would  entail  ground 
measurements  of  incident  power. 

Studies  of  the  chart  records  reveal  that  the  incident 
power  is  low  during  the  first  half  of  each  pass  and  increases 
during  the  last  half.  This  could  be  due  to  antenna  beam 
distortions  caused  by  the  aircraft  wing  during  the  forward 
looking  angles  of  the  spotlighting.  Data  are  presented  in 
Figure  62  for  the  first  half  and  the  last  half  of  a pass  to 
illustrate  this  situation.  Questions  regarding  the  possible 
distortion  of  the  transmitting  antenna  pattern  by  the  wing 
would  be  resolved  by  the  ground  power  measurements  referred 
to  above. 

Calculations  of  the  specular  reflection  delay  relative 
to  the  direct  signal  path  were  made  for  each  geometry. 
Examples  of  these  are  given  in  Figure  9.  The  receiver  gating 
is  accomplished  by  using  reference  pulses  on  the  local 
oscillator  signal.  These  pulses  consist  of  50  nsec  L.O.-off 
periods  at  the  basic  clock  rate  or  PRF  of  the  transmitter 
(4  kHz) . The  receiver  is  gated  on  <$  =50  nsec  after  the 
direct  pulse.  The  value  of  6 is  adjusted  so  as  to  insure 
that  the  specular  signal  does  not  enter  the  receiver  during 
the  period  when  the  receiver  is  gated  on.  As  described  in 

Appendix  B,  the  sample-and-hold  detector  is  delayed  by 
approximately  one-half  of  the  received  bistatic  pulse  length. 
As  a result  of  the  receiver  gating  delay,  the  specular  re- 
turn peak  does  not  appear  in  most  of  the  data  shown  in 
Section  5.7. 

Estimates  of  the  signal- to-noise  ratio  realized  during 
the  data  gathering  are  given  in  Figure  53.  There  is  some 


147 


-0.04 


r i 


*10. 0+- 


-30.0+ 


-40.0+ 


4 - 

+- 

+- 

-+ 

* 

- + 

t * * 

* * 

* 

* 

* * 

* * * 

- + 

* * 

* 

* 

* 

* . 

> 

+-- 

+- 

+— 

-+ 

0. 


15. 


30. 


45. 


60. 


75. 


90.  105. 


(a)  First  Half  (<J>TRACK  < 90°) 


-0.0+ + + 1 + + + 1 


* * * 

-10.0+ *--•# + 1 4 *---  + 

* * 

* * 

* * 4 * # 

% 

-20.0+ + + + 1 + 


■t + 


i — 


-30.0+ + — 


-40,0+ + + + 4 + 4 

0*  IS*  30 » AO*  7ii»  VO*  10ti« 


(b)  Last  Halt  <^TRACK  ^ 90°) 


Figure  62.  o vs.  $ for  7/17/76,  Pass  4, 
o s 

and  23-cm  Wavelength 


148 


Figure  63.  Estimates  of  Signal-to-Noise  Ratio 


I 


spread  in  these  values  due  to  variations  in  the  footprint 
area  A ^ for  various  geometries.  As  discussed  in  Section 
5.7,  a minimum  signal  threshold  is  used  in  the  data  pro- 
cessing to  reject  samples  having  S/N  < 3 dB, 


5.8.3  MONOSTATIC  MEASUREMENTS 

Monostatic  cross  section  density  values  were  calculated 
using  the  SAR  imagery  obtained  during  Pass  9 on  7/2/76;  the 
imagery  is  shown  in  Figure  64;  both  sites  1 and  2 are  in- 
cluded. Calibration  reflectors  may  be  seen  to  the  south 
(left)  on  the  radar  imagery.  Optical  signal- intensity  mea- 
surements were  made  using  the  ERIM  precision  optical 
processor  (POP) . These  measurements  were  made  lor  the 
clutter  of  test  area  2 and  for  the  calibration  reflector; 
then,  thei.;  ratio  was  calculated.  Using  the  cross  section 
value  of  the  reflector  (corrected  for  the  angle  of  viewing) 
as  a standard,  a backscatter  reflection  coefficient  value 

of  o = -13  dB  was  obtained  at  X = 23  cm.  This  value  com- 
o o 

pares  with  a 23  cm  value  of  = -17  dB  at  = 180  (that 

is,  the  backscatter  case)  obtained  from  Passes  6 and  7 of 
the  7/17/76  flight.  Not  only  were  the  transmitted  and  re- 
ceived signal  paths  in  the  same  vertical  plane  for  these 
passes,  but  they  were  located  almost  along  the  same  straight 
line  (between  the  scattering  patch  and  the  receiving  antenna) 
For  Pass  6,  these  paths  were  10°  from  colinearity;  for  Pass 
7,  the  difference  was  5°. 


ISO 


6 

ERROR  ANALYSIS 

A summary  of  experimental  parameters  used  in  the 
determination  of  the  values  of  o is  given  in  Table  22 ; 
applications  and  accuracies  are  also  discussed  in  the  table, 
uncertainties  in  the  absolute  values  of  these  parameters 
contribute  to  the  total  error  in  the  final  values  of  a 

o 

obtained.  Error  sources  for  the  bistatic  measurements 
system  can  be  classified  into  three  basic  groups: 

1.  instrumentation, 

2.  receiving  antenna  response,  and 

3.  sampling. 

There  is  uncertainty  (a)  in  the  measured  values  of  the 
transfer  functions  of  the  receivers  and  recorders,  (b)  in 
the  basic  geometric  parameters  of  the  measurements,  and  (c) 
in  the  illumination  or  incident  power  level.  These  values, 
when  used  in  the  bistatic  propagation  equation  to  solve  for 
aQ,  combine  to  give  a total  instrumentation  error.  Con- 
tributions to  the  received  signal  power  due  to  sidelobe 
response  of  the  receiving  antenna  cannot  be  completely 
accounted  for  and  thus  constitute  a second  error  source. 
Finally,  there  is  an  error  due  to  the  finite  number  of. 
samples  available  from  the  measurement  to  define  o . This 
latter  error  will  not  be  discussed  in  detail  here  since  it 
has  already  been  covered  in  Section  3.5. 

6.1  INSTRUMENTATION  ERRORS 

The  bistatic  radar  equation  for  can  be  written 
as  follows  by  combining  Eqs.  (29),  (53),  and  (54): 


152 
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TABLE  22.  RECORDED  PARAMETERS  WITH  APPLICATIONS  AND  ACCURACIES  (Concluded) 
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An  error  in  any  of  the  quantities  in  Eq . (55)  leads  to  an 
error  in  the  value  of  a . Figure  65  provides  a simplified 
schematic  of  a bistatic  measurement  channel  as  an  aid  in  this 
discussion.  The  instrumentation  errors  which  occur  in  such 
a channel  fall  into  two  categories,  systematic  and  random. 

The  systematic  errors  add  a constant  bias  to  the 
measurements;  Table  23  lists  the  sources  of  these  errors. 

It  is  estimated  that  neither  the  transmitter  power  nor 
the  receiver  power  can  be  measured  to  better  than  +1  dB, 
in  addition  to  an  error  of  about  +0.5  dB  in  the  power  meter, 
the  transmitter  power  is  monitored  through  a directional 
coupler  whose  coupling  coefficient  may  be  in  error  by 
approximately  +0-5  dB.  The  received  power  is  found  by  com- 
parison with  a calibrated  source;  the  estimated  error  for 
measuring  the  power  in  this  reference  source  is  also  +1.0  dB. 
From  experience,  it  is  estimated  that  the  peak  antenna  gain 
can  be  found  within  +0.6  dB.  There  are  losses  in  the  trans- 
mission lines  between  the  transmitter  and  the  transmitting 
antenna,  in  rotary  joints,  in  the  radome,  in  the  troposphere, 
and  in  the  transmission  lines  between  the  receiving  antenna 
and  the  input  to  the  receiver . At  the  wavelengths  used  in 
this  experiment,  atmospheric  attenuation  will  be  negligible. 
The  uncertainty  in  the  transmission  line  attenuation  will 
therefore  be  the  dominant  factor  in  computing  the  losses. 
Finally,  the  receiver  gain  will  drift  slightly  from  its 
value  at  calibration. 

The  maximum  value  of  the  systematic  error  is  +4.7  dB, 
but  it  is  unlikely  that  all  the  errors  v:ill  add  linearly; 
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Figure  65.  Simplified  Block  Diagram  of  a Bistatic  Measurement  Channel 


TABLE  23.  ESTIMATES  OF  SYSTEMATIC  ERRORS 
(Log-normal  distributions  assumed) 


Source  Magnitude 

Transmitter  power  error 

±1.0 

Received  power  error 

±1.0 

Transmitter  antenna  peak  gain 
error 

±0.6 

Receiving  antenna  peak  gain 
error 

±0.6 

Losses  in  microwave  components, 
radome , and  atmosphere 

±1.0 

Maximum  gain  drift  with  temperature 

±0.5 

Maximum 

= 4.7 

RMS  Value 

= 2.0 
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hence,  an  RMS  value  of  2 dB  is  more  representative  of  what 
will  occur  i:\  practice. 

Table  24  lists  the  sources  of  random  error.  The  first 
source  is  the.  variation  in  transmitting  antenna  gain  because 
of  pointing  errors.  During  the  spotlight  operation,  it  was 
not  possible  to  aim  the  antenna  precisely  at  the  receiving 
tower,  and  the  transmitting  antenna  boresights  were  deter- 
mined to  be  in  error  by  as  much  as  10  degrees.  Uncertainty 
in  the  transmitting  antenna  gain  was  the  largest  single 
error  source. 

Experience  has  shown  that  the  aircraft  can  be  flown 

down  a tube  400  ft  wide;  hence  the  position  error  is  +200  ft. 

At  a range  of  10,000  ft,  this  results  in  an  error  of  about 

+0.2  dB  in  R. . Estimated  variations  in  the  level  of  the 
— x 

terrain  result  in  an  error  of  +0.2  dB  in  R,.  Multipath 

b 

propagation  can  cause  fading;  however,  there  was  no  evidence 
of  multipath  effects  in  the  measurements. 

The  other  random  errors  in  the  instrumentation  are  in 
the  receiver  and  recorder.  First,  there  is  receiver  noise. 

At  3 cm,  the  signal- to-noise  ratio  is  estimated  to  be  about 
20  dB  (after  noncoherent  integration)  at  a slant  range  of 
20,000  ft,  which  results  in  an  error  of  about  +0.4  dB;  the 
signal- to-noise  ratio  is  higher  and  the  error  is  therefore 
less  at  23  cm.  Since  S/N  depends  on  the  slant  range,  the 
error  resulting  from  receiver  noise  increases  with  slant 
range . 

The  receiver  gain  is  a function  of  L.O.  (local  oscillator) 
power,  as  the  conversion  loss  in  the  mixer  depends  on  the  level 
of  this  power.  If  L.O.  power  is  above  a threshold  value, 

the  conversion  loss  increases  about  1 dB  with  each  1 dB 
decrease  in  L.O.  power.  The  threshold  level  and  variation 
of  the  conversion  loss  depend  on  the  particular  mixer  in 
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TABLE  24.  ESTIMATES  OF  RANDOM  ERRORS 


I 


I1'! 

r 1 ! 

Source 

Magnitude 

(HbT~ 

, \ 1 

• i i 

Transmitting  antenna  pointing  errors 

±4.0 

• i i 

i 1 

Position  uncertainty  of  transmitter 

±0.2 

Height  variation  of  ground 

±0.2 

| i 

Receiver  noise  (26  dB  S/N  after  non- 
coherent processing) 

±0.4 

Receiver  gain  error  (L.O.  power  variation 
and  other  factors) 

±1.0 

\ ' 

Sample  and  hold  error  (10  nsec  jitter) 

±1.3 

II  . 

Tape  recorder  error  (noise  and  jitter) 

±0.3 

1 : 

Maximum 

- 7.4 

i 1 

i i 

RMS  Value  =3.5 

the  system;  actual  measurements  were  made  on  the  receiver 
and  their  results  are  discussed  in  Appendix  B.  lincercainty 
in  the  receiver  gain  because  of  local  oscillator  power 
variation  is  estimated  to  be  +1  dB. 

The  sample- and-hold  circuit  (S-H)  is  another  large 
contributor  to  the  random  error.  Jitter  on  the  hold  command 
causes  the  S-H  to  be  triggered  in  such  a way  that  (1)  the 
data  are  sampled  at  the  wrong  time,  (2)  the  voltage  stored 
will  be  slightly  in  error,  (3)  the  voltage  stored  will 
decay  with  time,  and  (4)  there  will  be  feedthrough  during 
the  hold  mode.  With  a well-designed  sample-and-hold  circuit, 
the  last  three  factors  are  negligible  compared  to  the  timing 
error.  Regarding  the  latter,  the  receiver  has  a threshold 
circuit  and  the  hold  circuit  is  pulsed  whenever  a threshold 
level  is  exceeded.  The  timing  error  depends  on  the  thres- 
hold level,  the  signal- to-noise  ratio,  and  the  sideiobe 
energy  entering  the  receiver.  (A  signal-to-noise  ratio  of 
10  to  23  dB  was  noted  at  23  cm;  see  Figure  63)  Measurements 
on  S-H  show  that  the  PMS  timing  error  is  10  nanosec,  re- 
sulting in  an  RMS  error  of  about  1.3  dB  in  the  output 
signal . 

With  certain  geometries  and  cQ  characteristics,  the 
specular  return  entering  the  receiving  antenna  sidelobes 
could  exceed  the  threshold  and  trigger  the  sample-and-hold 
circuit  too  early,  resulting  in  bad  data.  However,  with 
the  geometrical  situation  used,  this  effect  was  not  observed. 

Since  the  output  signal  is  recorded  on  magnetic  tape, 
tape  recorder  noise  degrades  performance.  In  an  FM  tape 
channel,  the  ratio  of  the  full  scale  signal  to  the  RMS 
noise  is  about  44  dB.  To  prevent  saturation  on  occasional 
large  returns,  the  drive  level  to  the  tape  recorder  will 
normally  be  about  10  dB  below  the  maximum  signal;  hence, 
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the  signal-to-r.oist*  ratio  out  of  the  tape  recorder  will  be 
34  dB  and  the  tape  recorder  will  thus  add  a random  error  of 
±0.3  dB. 

The  RMS  value  of  all  the  random  errors  is  ebout  3.5  dB. 
The  estimated  total  error  for  both  the  systematic  and  ran- 
dom  components  will  be  the  square  root  of  the  sums  of  the 
squares  or  about  +6.6  dB  for  the  instrumentation.  As 
discussed  in  Section  7,  this  error  can  be  reduced  to  about 
±3.5  dB  in  future  measurements.  (For  comparison,  with  the 
ERIM  rotary  platform,  monostatic  cross  sections  are  measured 
to  better  than  4 dB  [15];  also,  the  estimated  accuracy  was 
+6  dB  during  the  ERIM  monostatic  clutter  measurements  [16].) 


6.2  RECEIVING  ANTENNA  PATTERN  ERRORS 

The  power  received,  Pr , in  each  of  the  receiving 
channels  contains  three  components,  as  follows: 


= Pm.  + P 


s£ 


+ P 


cc 


(56) 


Pra^  is  obviously  the  desired  component,  while  (sidelobe 

contribution)  and  Pcc  (cross  polarisation  contribution)  will 

cause  errors  in  the  o measurements. 

o 

From  the  bistatic  radar  equation,  assuming  a broad 
transmitter  beam,  ls“ge  , and  a narrow  receiver  beam  (so 
that  the  receiving  antenna  footprint  is  always  within  the 


15.  This  reference  will  be  made  available  to  qualified  i,  ilitary  and 
government  agencies  on  request  from  RADC  (OCSA)  Griffiss  AFB 

NY  13441. 

16.  R.W.  Larson  and  W.  Carrara,  Measurements  of  X-band 
Clutter  Statistics  with  an  Amplitude  Calibrated  Radar 
Report  No.  AFAL-TR-74-44 , Environmental  Research 
Institute  of  Michigan,  Ann  Arbor,  June  1974. 
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transmitting  antenna  footprint  and  the  oq  in  the  former 
area  can  be  considered  constant) , 


P a 


°oml  Am* 


If  the  beamwidth  of  the  receiving  antenna  is  Sr,  then 
Amil  = 6r  ^2  sec  6s  tan  6s  * Sr  *2  sec  Gs 


length 


width 


Using  Eq.  (58)  and  the  fact  that  Rg  = y2  sec  0g,  Eq . (57) 
becomes 

“ °o  , 6r2  ta^  8s  GM  (59) 

mx. 

Let  6 0 represent  the  far-out  sidelobe  receiving 
antenna  gain  level  which  is  assumed  to  be  constant.  Based 
on  an  Ohio  State  report  [17],  it  will  be  assumed  for  the 
purposes  of  illustration  that  bistatic  oq  values  can  be 
approximated  by  a Gaussian  function  on  a pedestal.  Th\is , 


exp  t - 1.385 


0 - a 

s o 


+ 0Q  (60) 
i P 


This  equation  gives  the  general  oq  trend  for  loam  or  smooth 

sand  when  o <<  o and  should  approximate  the  terrain  of 
°p  °max 
test  site  1 . 


W.H.  Peake  and  T.L.  Oliver,  The  Response  of  Terrestrial 
Surfaces  at  Microwave  Frequencies,  Technical  Report  No. 
AFAL-TR-70-301,  Ohio  State  University,  Columbus, 

May  1971. 
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For  Pma,  it  was  assumed  that  oq  is  constant  and  that 
the  receiving  antenna  beam  is  narrow.  Now,  if  a wide 
scattering  lobe  and  a constant  receiving  antenna  gain  are 
assumed,  an  approximate  relationship  for  PsJi  can  be  written 
by  following  steps  similar  to  those  used  to  find  P ^ : 


o 

0 

max 


tan  a G „ 
o si 


(61) 


Then,  combining  Eqs . (59)  and  (61)  gives 


l ' 

I ; 


o 8 tan  0.  G 
pm£  ~ mil  r 

P „ a 
sd  o 


a9 

max  s s 


s mi 
tan  "a  & 


si 


(62) 


With  loam  or  smooth  sand,  the  o 3 dB  lobe  widths  a. 

° 0 

and  a,  are  on  the  order  of  10  . Since  6 is  5 , 

® r 


mi 


"'mi 
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max 


’si 


(63) 


if  the  tangents  are  approximately  equal.  Since  Pm£/PS£  is 
6 dB,  if  the  average  receiver  antenna  sidelobe  level  is 

30  dB  down,  P ^ will  equal  P . 24  dB  down  from  the  o 

m °max 

Thus,  for  this  type  of  bistatic  scattering  pattern,  measure- 
ments are  valid  only  in  the  vicinity  of  the  oq  mainlobe 
unless  antenna  sidelobe  power  is  gated  out;  this  was  done 
in  this  experiment. 

Figure  66  shows  plots  of  (1)  a one-dimensional  oq 
model  and  (2)  the  calculated  oQ  value  using  a rectangular 
receiving  beam  and  sidelobes  30  dB  down.  Note  that  cal- 
culated aQ  levels  off  to  25  dB  below  the  mainlobe  power. 

The  receiving  antenna  beamwidth  is  5°  compared  with  a 3 dB 
lobe  width  of  14°  for  o . The  significant  beamwidth  of 
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Dimensional  Model  of  a and  Calculated  Values 


the  receiving  antenna  causes  the  calculated  power  to  be 

slightly  above  the  oo  model  curve  for  <J>  s +10  or  +20°  and 

slightly  less  than  the  model  value  near  o (4>  = 0)  ; 

o _ s 
max 

each  of  these  errors  is  less  than  one  dB.  For  rough  sur- 
faces, the  oQ  mainlobe  (that  is,  the  specular  reflection) 
is  much  less  pronounced;  as  a result,  there  is  less  of  a 
problem  with  the  antenna  sidelobe  energy. 

6.2.1  SIDELOBE  EFFECTS  ON  DATA 

In  the  measurement  situation  for  which  data  were 
obtained,  the  time  delay  between  the  specular  return  and 
the  bistatic  return  is  greater  than  the  90  nsec  pulse  width; 
here,  range  gating  eliminated  the  specular  return  coming 
through  near  sidelobes.  Figure  9 shows  a plot  of  the 
difference  between  the  time  delays  for  the  bistatic  returns 
and  the  direct-path  signal  as  a function  of  receiver  azimuth 
angle  from  broadside  for  two  aircraft  positions,  45°  ahead 
of  broadside  and  broadside.  The  differences  between  the 
time  delays  of  the  specular  return  and  the  direct  path  are 
also  shown.  For  this  figure,  the  transmitter  height  y2  is 
7,000  ft  and  the  distance  X2  between  the  transmitter  and 
the  receiver  at  broadside  is  20,000  ft.  The  receiver 
height  y^  is  100  ft  and  the  scattering  angle  0g  is  45°. 

Figure  9 shows  that  the  effectiveness  of  range  gate  dis- 
crimination varies  considerably  with  the  geometry;  therefore, 
the  additional  delay  6 is  added  when  necessary. 

The  instrumentation  system  (Appendix  B)  utilizes  a 
receiver  gate  of  approximately  2 psec  duration.  This 
duration,  in  combination  with  the  width  of  the  transmitter 
pulse,  results  in  the  gating  out  of  most  of  the  sidelobe 
power.  In  fact,  the  measurement  results*  show  less  than  a 


* Several  computer  model  examples  were  provided  by  GRC  to 
demonstrate  the  effects  of  sidelobe  power. 
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i 

1 

1 dB  error  due  to  sidelobe  power  for  the  geometry  used.  ■ 

These  results  were  obtained  using  the  10  dB  receiving 
antenna  response  contour,  which  corresponds  to  a beamwidth 
of  approximately  9.36°. 

In  order  to  investigate  other  parameter  values  not 
covered  in  the  experiment,  values  of  o were  calculated  as 
a function  of  receiving  antenna  beamwidth.  These  calcu- 
lations show  that  increasing  the  beamwidth  to  19°  changes 
the  oQ  value  by  only  0.6  dB,  even  though  (with  the  geometry 
of  Flight  7/17/76)  the  resulting  integration  area  extends 
to  the  horizon.  A separate  (hand)  calculation  was  made 
which  included  6 receiving- antenna  sidelobes  (corresponding 
to  the  total  receiver  "on"  gate  time) ; this  calculation 
shows  a change  of  less  than  1 dB  in  the  oQ  value,  as  com- 
pared with  the  data  analysis  results  based  on  the  10  dB 
contour . geometry . 

Based  on  these  two  calculations  and  the  measurement 
results,  the  aQ  error  from  sidelobe  contributions  is 
estimated  to  be  less  than  1 dB. 

6.2.2  POLARIZATION  ISOLATION 

Appendix  B discusses  Pcc>  the  power  cross-coupled 
into  a receiving  channel  because  the  cross-polarization 
isolation  in  the  transmitting  or  receiving  antenna  is  not 
infinite.  For  example,  if  the  transmitting  antenna  is 
vertically  polarized,  some  power  with  horizontal  polari- 
zation will  be  transmitted  because  of  antenna  properties 
or  aircraft  pitch.  The  cross-coupled  power  is  normally 
significant  only  in  the  cross-polarized  receiving  channel, 
because  the  cross-coupled  power  is  insignificant  compared 
with  the  parallel-polarized  power  in  the  parallel  channel.  j 

I 

For  example,  if  the  cross-polarization  isolation  were  25  dB, 
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P „ and  P„„  would  be  equal  if  a is  25  dB  above  a ,ru.  In 
m£  cc  oW  oVH 

face,  the  measured  isolations  for  the  3 and  23  cm  wavelength 
transmitting  and  receiving  antennas  range  from  20  to  31  dB. 

6.3  ERROR  ANALYSIS  CONCLUSIONS 

6.3.1  INSTRUMENTATION  ERRORS 

Instrumentation  errors  can  be  classed  as  systematic  or 
random.  The  systematic  error  is  estimated  to  have  a maximum 
value  of  4.7  dB  and  an  RMS  value  of  2.0  dB;  the  random  error 
has  an  estimated  RMS  value  of  3.5  dB.  These  errors  are  be- 
lieved to  be  realistic  since  they  are  based  on  instrumenta- 
tion tests  and  the  results  of  the  data-gathering  experiments. 
Transmitter  antenna  pointing  is  the  largest  single  source  of 
error.  The  total  error  is  estimated  to  be  -6  dB. 

The  problem  of  energy  entering  the  receiver  sidelobes 
must  be  considered  for  the  measurement  geometries  in  the 
program.  Range  gating  has  insured  that  the  specular  return 
was  not  received  through  the  antenna  mainlobe.  The  average 
sidelobe  response  of  24  dB  down  provides  adequate  spatial 
filtering  in  the  specular  plane.  A limiting  factor  in  the 
measurement  of  cross-polarized  oq  is  the  cross-polarization 
isolation  of  the  transmitting  and  receiving  antennas;  this 
isolation  ranged  between  20  and  31  dB  for  the  3 and  23  cm 
wavelength  transmitting  and  receiving  antennas. 

Errors  due  to  sampling  effects  are  introduced  at  dif- 
ferent points  in  the  data  gathering  and  analysis  process. 

The  finite  sampling  window  of  the  sample-and-hold  detector 
results  in  a location  ambiguity  of  10  nsec  or  10  ft  of 
processed  error.  However,  this  produces  negligible  error 
in  the  oq  calculation.  The  basic  timing  error  in  the  S-H 
results  in  a 1.3  dB  error  in  the  output  signal.  Tape  re- 
corder noise  will  add  0.3  dB  to  the  total  error. 


168 


6.3.2  SAMPLING  ERROR 

Error  bounds  (or  confidence)  in  the  estimate  of  the 
mean  value  of  aQ  are  a function  of  the  number  of  independent 
samples,  as  discussed  in  Section  5.5.  The  average  number  of 
independent  samples  of  each  23  cm  data  point  is  about  10, 
giving  a 5 dB  spread  in  the  9570  confidence  interval  for  the 
mean  value  (Figure  28) . Similarly,  the  average  number  of 
independent  samples  for  3 cm  data  points  is  35,  giving  a 
3.5  dB  spread  in  the  95%  confidence  interval  for  the  mean 
value . 


w 


A 
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7 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  following  conclusions  and  recommendations  can  be 
made  based  on  results  reported  in  the  preceding  sections. 

A more  detailed  discussion  of  conclusions  about  the  data 
obtained  is  given  in  Section  5.7. 

7.1  CONCLUSIONS 

During  the  course  of  this  program,  a system  was 
developed  for  the  determination  of  bistatic  scattering  co- 
efficients of  terrain.  The  system  consists  of  two  integral 
parts.  The  first  part  is  a coherent  data-gathering  system; 
this  includes  transmitters  and  receivers  which  provide 
simultaneous  measurements  at  23  cm  and  3 cm  wavelengths 
with  a dual-polarization  capability  (that  is,  parallel  and 
crossed  polarizations)  at  each  wavelength.  The  second  part 
is  a data  processing  system;  its  principal  element  is  a 
data  reduction  and  analysis  computer  program  for  the  con- 
version of  raw  recorded  power  and  aspect  data  into  bistatic 
scattering  coefficients. 

The  bistatic  instrumentation  has  been  used  in  this 
program  to  gather  data  for  large  incidence  and  scattering 
angles.  However,  it  is  capable  of  obtaining  data  at  any 
combination  of  incidence  and  scattering  angles  for  a com- 
plete range  of  bistatic  azimuth  angle  from  0°  to  180°.  The 
measurement  technique  was  specially  designed  to  ensure  an 
adequate  number  of  samples  for  the  determination  of  a , 
under  the  assumption  that  oq  is  log-normally  distributed 
for  a fixed  set  of  aspect,  wavelength,  and  polarization 
conditions.  The  efficacy  of  the  log-normal  assumption  was 
reinforced  by  observing  that,  for  most  passes,  the  scatter 
of  o values  was  such  that  some  66%  were  within  5 dB  of  a . 


Limitations  on  the  range  of  o0  values  that  can  be  mea- 
sured are  due  to  the  measurements  geometry  required  and  the 
available  power.  Values  of  oq  as  low  as  -20  dB  at  3 cm  and 
-40  dB  at  23  cm  can  be  measured. 

The  ao  results  obtained  from  the  data  processing  program 
are  in  general  agreement  with  the  small  amount  of  data  avail- 
able from  other  measurement  programs.  In  addition,  these  oq 
results  agree  well  with  an  independent  analysis  of  the  same 
data  carried  out  by  General  Research  Corporation.  It  was  also 
found  that  aQ  values  matched  quite  well  at  the  common 

aspect  points  (near  <f>  = 90°)  for  forward  and  backscatter- 

s 

ing  passes,  which  were  generally  separated  in  time  by  an 
hour  or  more.  Such  matching  of  oq  data  points  confirms 
the  validity  of  the  data-gathering  and  processing  methods. 

Values  of  a were  obtained  for  two  terrain  types  which 
o 

have  roughness  scales  differing  by  approximately  an  order 
of  magnitude.  The  results  show  that  oq  values  from  the  two 
sites  differ  by  about  10  dB,  with  the  lower  a values  cor- 
responding  to  the  smoother  site.  Also,  a comparison  of  oq 
as  a function  of  wavelength  was  made,  with  the  general  con- 
clusion that  3 cm  aQ  values  are  approximately  10  dB  larger 

than  23  cm  o values  for  each  test  site, 
o 

This  experiment  is  the  first  to  obtain  bistatic 
scattering  data  from  air-ground  geometry  using  coherent 
instrumentation.  The  instrumentation  operated  very  well 
during  the  data  gathering  program;  clearly,  its  great 
flexibility  would  permit  its  use  (1)  for  two-aircraft,  co- 
herent measurements  of  either  scattering  coefficients  or 
clutter  statistics  or  (2)  for  coherent  bistatic  system 
demonstration. 
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7 . 2 RECOMMENDATIONS 


The  requirement  for  quantitative  measures  of  bistatic 

scattering  coefficients  and  for  bistatic  clutter  statistics 

still  exists,  although  results  from  the  work  reported  here 

have  contributed  to  the  start  of  a data  base  for  bistatic 

scattering.  In  order  to  broaden  the  available  data  base  so 

that  the  distribution  of  a can  be  determined  for  a fixed 

o 

set  of  aspect,  wavelength,  and  polarization  parameters,  it 
is  recommended  that  additional  bistatic  measurements  be 
made  using  the  instrumentation  and  analysis  techniques  de- 
veloped during  this  program.  To  implement  this  general 
objective,  the  following  specific  recommendations  are  made: 

1.  Additional  analysis  should  be  performed  on  the 
empirical  data  obtained  from  the  present  pro- 
gram. This  should  include  (a)  analysis  to 

obtain  o values  from  the  cross-polarization 
o 

data  available  and  (b)  utilization  of  the  AT 
channel  records  to  verify  the  scattering  area 
values  used  in  the  completed  analysis. 

2.  Several  system  modifications  are  recommended. 

One  of  these  would  be  the  installation  of 

a two-channel  receiving/recording  system  to 
receive  and  record  a measure  of  incident 
power.  Such  an  absolute  measure  would  be 
used  directly  in  the  computation  of  o , 
eliminating  the  necessity  to  determine  trans- 
mitter antenna  pointing  direction  during  each 
spotlight  pass.  This  modification  would  im- 
prove the  accuracy  of  the  absolute  values  of 
oq  by  approximately  3 dB  (Section  5.8.2). 

Also,  if  measurements  of  lower  ct  values  at 
3 cm  are  desired,  transmitter  power  can  be 
increased  for  this  wavelength.  Finally, 
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several  additional  modifications  to  simplify 
the  overall  operation  of  the  data- gathering 
instrumentation  and  the  data-processing  system 
would  be  appropriate. 

Additional  data-gathering  flights  should  then 
be  conducted  in  order  to  cover  a larger  range 
of  bistatic  angles  and  a variety'  of  terrain 
types . 

The  existing  instrumentation  should  be  incor- 
porated into  a two-aircraft,  bistatic,  four- 
channel,  coherent,  measurements  system  so  as 
to  provide  data  from  which  further  estimates 
of  clutter  statistics  can  be  obtained.  Be- 
cause of  the  increased  flexibility  of  the 
two-aircraft  system,  such  data  can  be  obtained 
for  a wider  variety  of  terrain  types.  Also, 
such  a system  can  be  used  as  a demonstration 
of  the  operational  bistatic  system. 
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SYMBOLS 


English: 

a 

A 

a’ 


A/C 


am£ 

B 

b’ 


bpi 

c 

ctr  x 

ctr  y 

D 

d 

dA 


DME 


Ef<x) 


S 1 


dish  radius 
area  variable 

semi-major  axis  of  receiving  antenna 
footprint  ellipse 

aircraft 

scattering  area 


points  in  area  A ^ 

area  of  receiving  antenna  mainlobe 
footprint 

receiving  antenna  aperture 
bandwidth 

semi-minor  axis  of  receiving  antenna 
footprint  ellipse 

bits  per  inch 

speed  of  light 

x-coordinate  of  center  of  receiving 
antenna  footprint  ellipse 

y-coordinate  of  center  of  receiving 
antenna  footprint  ellipse 

dish  diameter  = 2a 

direct  distance  from  transmitter  to 

receiver  = ^x|  4-  z^  + (y 2 - 

scattering  surface  element 

distance  measurement  equipment 

incremental  power  at  receiver  antenna 

power  density  of  the  scattered  wave  at 
a distance  r from  the  scattering  surface 
element  dA  s 

elliptical  footprint  area  where 
X = T(ransmitter)  or  R(eceiver) 
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I) 


I 


E> 


i 


range  ellipse  (intersection  of  ellipsoid 
| P - P-.  | -t-  |P  - P 2 1 = 2q  with  a flat 
earth,  where  P is^a  variable  point 

successive  range  ellipses  defined  by  the 
receiver  sampling  time  and  the  trans- 
mitter pulse  length 


radar  frequency 

focal  length  of  antenna 

Doppler  frequency  (absolute) 


reference  Doppler  signal 

relative  Doppler  frequency 

transmitter  antenna  power  gain  pattern  = 1 

2 

receiver  antenna  power  gain  pattern  = A2(u) 

width  of  frequency  spectrum  between  0 and 
1/2-power  point 

receiving  antenna  gain 

antenna  gain  for  mainlobe 


Gq  antenna  peak  gain 

Gnp  receiving  antenna  peak  gain 


GR 

G* 

GRH 

GRs£ 

grv 

Gs£ 

gt 

r* 

gth 


receiving  antenna  (average)  gain 

peak  gain  at  horizontal  polarization  for 
vertically  polarized  receiving  antenna 

gain  of  receiving  antenna  in  sidelobe 
region 

vertically  polarized  receiving  antenna 
peak  gain 

antenna  gain  for  far-out  sidelobes 

transmitting  antenna  (average)  gain 

peak  gain  at  horizontal  polarization  for 
vertically  polarized  transmitting  antenna 
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TV 

HH 

h[t(A)] 

HV 


i 

j 

J2(u) 

k 

K 
k 


B 


K0 

l 

L 

L 

ap 

L.O. 

MTS 

N 

n 

N 

P 

P 

Pav 


dA 


vertically  polarized  transmitting 
antenna  peak  gain 

horizontal-horizontal  polarization 
response  function  for  receiving  antenna 
horizontal-vertical  (crossed)  polarization 

f fT  fR  Wp<j> 

j ~2~2  ‘ 

Agd  ri  r 8 

integer 

integer 

second-order  Bessel  function  of  argument  u 
integer 
X2  gqt  Gqr  l 
(Air)3  ~ 

Boltzmann's  constant 

kernal  which  includes  the  range  and 
power  pattern  factors  as  well  as  the 
constants  and  K 

integer 

total  system  losses 
aperture  length 

local  oscillator 
Michigan  Terminal  System 

number  of  samples  obtained  in  a 5°  azimuth 
interval  (that  is,  per  receiver  beam 
position) 

number  of  ground  patches  for  which  data 
are  collected 

number  of  samples  which  are  coherently 
integrated 

ground  distance  corresponding  to  a re- 
ceived pulse  length 

integration  point 

average  transmitted  power 
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PRF 

PrV 


power  cross  coupled  into  receiver  of 
wrong  polarization 

direct  power  (enters  through  sidelobes) 

transmitted  power 

power  incident  in  scattering  area 

power  received  via  the  mainlobe 

precision  optical  processor 
received  power  = aQ  KI 

power  incident  on  receiving  antenna 
aperture 

pulse  repetition  frequency 
vertical-channel  received  power 

specular  point 


- (0,  yv  0) 
P1(x1,  y^,  z^)  ■*"*■ 
R(0,  yv  0) 

P2  = (x2>  y?,  z2) 
P2(x2,  y2>  z2)  -*-*■ 
T(x2>  y2,  z2) 


q 


s 


R = R.  + Ro 
l s 


power  received  via  the  sidelobes 
receiver  location  vector 


receiver  R location  in  (xD,  yQ,  z ) co- 
ordinate system  s ° 

transmitter  location  vector 


Transmitter  T location  in  (xq,  y , zq) 

V-  2 2 jr 

x2  + y2  + z2 

complement  of  the  squint  angle  (that  is, 
the  angle  between  the  plane  of  incidence 
and  the  vertical  plane  containing  7 

variable  radius  to  point  in  antenna 
aperture  (0  i r £ a) 

total  bistatic  signal  path  from  trans- 
mitter via  scattering  area  to  receiver 

radius  of  circular  scattering  area 


distance  from  transmitter  to  integration 
point 
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RMS 

rs 


R. 


R(0,  y,  0) 

r2  = Vx2+  y2+  z2 

s 

/N 

s 


distance  from  transmitter  to  origin  of 
x,  y,  2 system  (center  of  receiving  an- 
tenna footprint) 

root-mean-square 

distance  from  receiver  to  integration 
point 

distance  from  receiver  to  origin  of 
x,  y,  z system  (center  of  receiving  an- 
tenna footprint) 

receiver  location  in  xq1  y , zQ  co- 
ordinate system  ° u 

distance  between  xQ,  yQ,  zQ  origin  (re- 
ceiver foot)  and  transmitter 

standard  deviation 

variable  unit  vector  which  traces  out  a 
cone 


SAR  synthetic  aperture  radar 

SCAN  = 90°  - 't’sQAM  navigational  angle  measured  from  the 

negative  z0-axis  to  the  line  which  runs 
from  the  receiver  foot  to  center  of  the 
receiving  antenna  footprint 

S-H  sample  and  hold 

S.  power  density  incident  upon  scattering 

1 surface  element  dA 

S average  of  single-pulse  received  power 

n values  over  a 5°  azimuthal  interval 


S/N  signal-to-noise  ratio 

STALO  stable  local  oscillator 


t time 

T time  between  independent  samples  for 

Gaussian  clutter  spectrum 

sampling  time  interval 


'N 


noise  temperature  of  the  receiver 


T time  on  a patch 

P 

TRACK = 90°  - LRArK  navigational  angle  measured  from  the 

ikauk  negative  z0-axis  to  the  line  which  runs 

from  the  receiver  foot  to  the  transmitter 
foot 
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u - f sln  *s 


(V  V zo> 

(Xp  yl>  zl)  = 
R(0,  ylf  0) 


(x2,  y 2 , z2)  = 
T(x2,  y2,  z 2 ) 


argument  of  Bessel  function  J2(u) 

vector 

unit  vector 

aircraft  velocity 

aircraft  velocity  vector 

fixed  vector  to  some  arbitrary  point  on 
beam  axis 

Doppler  velocity 

vertical -horizontal  polarization 
vertical-vertical  polarization 
unit  vector  defining  axis  of  cone 

weight  function  describing  the  variation 

of  a over  the  area  A , 
o gd 

single-pulse  measure  of  received  power 

xQ-coordinate  of  either  of  two  points  in 
the  ground  (yD  =0)  plane  which  are  the 
intersections  of  the  receiver  footprint 
ellipse  with  a slant  plane  containing 
the  receiver  antenna  field  pattern  cone 
axis  and  which  is  normal  to  the  vertical 
plane  containing  the  same  axis 

range-curve  coordinate  system  with  origin 
at  receiver  foot,  etc. 


coordinates  of  receiver  in  (xQ,  yQ,  zq) 
system 

ground  distance  between  receiver  foot  and 
projection  of  flight  path  on  ground  along 
normal  to  flight  path  (also,  x-coordinate 
of  transmitter)  in  xq , y , zQ  coordinate 
system 


coordinates  of  transmitter  in  (xQ,  y , zQ) 
system 

height  of  receiver  (y-coordinate  of  re- 
ceiver in  x , y , z„  coordinate  system) 
o^oo  J 
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z 


oo 


Greek: 


a 


a 


c 


a 


o 


e 

6 


r 


transmitter  altitude  (y-coordinate  of 
transmitter  in  x . y , z coordinate 
system)  00  0 

z-coordinate  of  either  of  two  points  in 
the  ground  (y  = 0)  plane  which  are  the 
intersections  of  the  receiver  footprint 
ellipse  with  a slant  plane  containing 
the  receiver  antenna  field  pattern  cone 
axis  and  which  is  normal  to  the  vertical 
plane  containing  the  same  axis 


angle  between  receiver-to-patch  direction 
and  receiver- to- transmitter  direction 

half  angle  of  cone 

specular  angle  = 0.  = 0 for  specular 
reflection  1 

lobe  width  for  a in  the  plane  of  angle  6 
o s 

lobe  width  for  a in  a plane  perpendicu- 
lar to  the  plane°of  angle  0S  and  passing 
through  Rg 

antenna  beamwidth 
receiving  antenna  beamwidth 


<5 

fifd 

SR  - R - d 
AT 


A0  = sampling 
angle 


A9 


i 


transmitting  antenna  beamwidth 

additional  time  delay  provided  to  insure 
separation  of  direct  and  bistatic  signals 

Doppler  shift 

difference  between  scattered  path  length 
and  direct  path  length 

time  at  receiver  from  end  of  direct  path 
pulse  to  time  at  which  received  bistatic 
pulse  is  sampled 

half  of  angle  subtended  at  transmitter 
or  at  receiver  by  scattering  areas 

transmitter  sampling  angle 
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A0g  receiver  sampling  angle  (that  is,  the 

scattering  angular  interval  subtended 
by  the  ground  patch) 

n angle  defining  some  fixed  power  contour, 

or  value  of  i|>  , measured  from  beam  axis 
s 

0 angle  measured  from  the  normal  to  the 

scattering  area 

0^  angle  between  aircraft  velocity  vector 

and  direction  of  incidence 

0^  incidence  angle  (at  patch)  of  radiation 

from  transmitter 

9 limit  maximum  value  for  6^  = 6g 


scattering  angle  (at  patch)  of  radiation 
to  receiver 


X 

A2(u) 


8J2(u) 


u 


radar  wavelength 

where  ^(u)  is  2nd-order  Bessel  function 
of  argument  u 


0 


mean  value 


p 

o 


one  of  polar  coordinates  of  point  in 
x-y  plane  of  x,  y,  z coordinate  system 

radar  cross  section 


a 

o 


RCS  per  unit  area  = radar  cross-section 
density 

mean  of  n samples 


radar  cross-section  density  for  receiver 
mainlobe  footprint 


cross-section  density  in  pedestal  region 


x transmitter  pulse  length 

4>  one  of  polar  coordinates  of  point  in  x-y 

plane  of  x,  y,  z coordinate  system 


Hi 

*12 


angles  from  the  ground  track  to  the  two 
edges  of  the  footprint 


4>s  supplement  of  angle  formed  by  receiver 

foot,  surface  increment  reference  point, 
and  transmitter  foot  (in  x,  y,  z system) 
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^ eo AN  s 90°  - SCAN  angle  between  x-axis  and  x'-axis  (that 

is,  pointing  direction  of  transmitter 
antenna) 

^TRAru  = 90°  “ TRACK  angle  between  x -axis  and  line  from  re- 

ikauk  ceiver  foot  to  transmitter  foot 

^TRANS  transmitter  antenna  pointing  angle 

ip  bistatic  angle  between  transmitter-to- 

ground  signal  path  and  ground-to-receiver 
signal  path 

vp . (variable)  angle  measured  from  beam  axis 

1 of  transmitter  antenna 

iJj  (variable)  angle  measured  from  beam  axis 

s of  receiver  antenna 


SYMBOLS : ADDENDUM 


Polarization-angle  error  between  transmitting 
and  receiving  antenna  axes 
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APPENDIX  A 

THEORETICAL  ANALYSIS  AND  DESIGN  CONSIDERATIONS 


This  appendix  gives  a comparative  discussion  of  some  of 
the  parameters  which  govern  bistatic  clutter  measurements 
and  from  which  system  requirements  can  be  established. 
Analyses  of  the  measurement  system  indicate  that  a bandwidth 
of  about  30  MHz  is  required  to  separate  the  direct-path  sig- 
nal from  the  bistatic  signal.  A narrow  circular  receiving 
antenna  beam  is  necessary  to  limit  the  measurement  region, 
and  the  scattering  geometry  can  be  determined  from  the 
orientation  of  the  receiving  antenna  Learn.  The  incident 
geometry  can  easily  be  determined  by  measuring  the  signal 
delay  (AR)  and  the  absolute  Doppler  shift.  However,  neither 
of  these  methods  is  used  in  this  program,  although  the  sig- 
nal delay,  aR,  is  measured  and  recorded.  Incidence  geometry 
is  afforded  by  using  the  spotlight  radar  transmitter. 


A. 1 REQUIREMENTS  AND  BISTATIC  RELATIONSHIPS 


The  system  is  required  to  measure  the  radar  bistatic 
cross  section  for  an  idealized  patch  of  the  ground  surface, 
Agd,  bounded  by  a circle  of  diameter  2r^,  such  that: 


1. 


2. 

3. 


The  area  A ^ is  small  enough  to  subtend  an 

angle  less  than  2A0  at  either  the  transmitter 

or  the  receiver  positions.  In  other  words, 

a cone  with  an  apex  at  either  the  receiver  or 

the  transmitter  and  whose  intersection  with 

the  surface  encloses  A , should  have  a half 

ga 

angle  less  than  A6. 

The  area  A ^ is  large  enough  to  represent  an 
adequate  spatial  averaging  of  the  terrain. 

The  ranges  of  angles  9^,  0s,  and  $g  for  which 


A- 1 


items  (1)  and  (2)  above  are  satisfied  must 

be  as  large  as  possible  (0  < 9^  < ti/2, 

0 < 0 < it/ 2 and  0 < <)>  < tt)  . 

s - Ts 


A.  1.1  SAMPLING  ANGLE  AO 

The  sampling  angle  A0  which  defines  the  half  angle  of 
the  cone  enclosing  the  measured  area  is  related  to  the  scat- 
tering geometry  as  follows: 


A0 


A 2 

cos  8.  = — cos  8. 
i y2 


(A-l) 


L A 9 

A0  = COS  0 = — cos^  0 

s R S y,  s 


(A- 2) 


where  A0^  and  A0g  are  the  angles  corresponding  to  the  trans- 
mitter and  receiver,  respectively.  It  is  evident  that  for 

ei  = eS’  A0s  > A0i  since  < y 2 ' 

A. 1.2  LOWER  LIMIT  ON  BANDWIDTH 

A lower  limit  on  the  bandwidth  can  be  based  on  the  time 
separation  between  the  direct  transmitter  - receiver  path 
and  the  transmitter  - surface  - receiver  path.  To  explain 
this,  an  approximate  expression  is  derived  for  AR,  the  dif- 
ference between  the  transmitter- surf ace-receiver  path 

(R  =*  R.  + R ) and  the  direct  path  d. 

X s 

From  Figure  A-l,  the  law  of  cosines  yields 


d2  = R?  + R2  - 2R.  R cos  <p 
is  is 


= R?  + R2  + 2R.  R - 2R.  (1  + cos  t|i) , 

i s xs  is 


(A- 3) 


A-  2 


where  \J,  Is  the  angle  between  the  incident  and  reflected 

directions.  Then,  since  R = R.  + R , 

is 


R2  - d2  - 2Ri  Rs  (1  + cos  4-) 


(A-4! 


AR(2R  - AR)  = 2Rj  Rg  (1  + cos  «|0 


( AR) * - 2R( AR)  + 2R.  Rg(l  + cos  = 0 


whence 


AR  = R - R 1/1 


2Ri  Rs 


(1  + cos 


(A- 7! 


R.  R„  R.  R 

3 ___  1 S -n 

R R.  + R s ■ 
l s 


The  last  equation  is  true  for  tuost  esses  of  iiiterest 
where  y^  since 

yl  y? 

r s _ — L—  and  R.  = , (A-! 

S COS  0 1 cos  0 . 

S 1 

whence 


li  y2 


cos  0 


Rs  yx  cos  0.  * 


(A-10; 


Even  for  the  severe  case  of  0 = 80°  and  0.  s 10°,  it  turns 

s i 

out,  using  y2  = 3000  ft  and  y^  = 100  ft,  that 


i 3000  cos  80 


Using  the  above  approximation  (A- 7)  reduces  to 


AR  « R 


(1  + COS 


*> 


Since 

Rg  <c  R , 


(A-12) 


AR  can  be  approximated  by 

AR  = R (1  + cos  ij>)  , (A-13) 

s 

where  the  bistatic  angle  ip  can  be  given  in  terms  of  0 . , 0 , 

1 s 

and  d>  as 
s 


cos  - cos  0.  cos  0 - sin  0.  sin  0 cos  A 

i s x s s 

(A- 14) 


Since  cos  ip  assumes  its  smallest  value  when  tj>  = 0,  the 
expression  for  AR  reduces  to 

4R.£R.[1  + co*  <ei  + e«>]  • (A-15> 


Discrimination  between  the  signal  reflected  from  the 

surface  and  the  direct  path  signal,  based  upon  the  time 

separation  between  the  two  signals  at  the  receiver,  imposes 

a lower  limit  on  the  receiver  bandwidth  for  a maximum  value 

of  0 . + 0 . 
i s 

It  is  natural  to  assume  equal  maximum  values  for  0^ 
and  6g,  say  hence, 


AR 


min  ^ 1 


1 4-  cos  28llmit 
cos  6 limit 


2y^  cos 


e, . . . . 

limit 


(A- 16) 


Substituting  AR  = c/B  where  B is  the  system  bandwidth  and 
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c the  velocity  of  propagation,  the  bandwidth  is  found  to  be 

B = c/(2y1  cos  . (A-17) 

Table  A-l  depicts  some  values  for  and  the  required 

bandwidth  for  = 100  ft. 

A. 1.3  CURSOR  SYSTEM 

The  cursor  system  refers  to  the  method  used  to  define 
the  region  for  which  the  bistatic  cross  section  is  measured. 

In  addition  to  the  requirements  mentioned  above  on  the  defi- 
nition of  the  region,  it  is  necessary  to  be  able  to  calculate, 
with  reasonable  precision,  the  area  of  the  region.  It  is  also 
necessary  to  provide  sufficient  isolation  against  reflections 
from  neighboring  regions,  especially  those  that  have  a high 
bistatic  cross  section. 

The  options  available  in  a coherent  radar  system  include 
antenna  beam  selectivity,  range  resolution,  and  Doppler  fil- 
tering or  synthetic  aperture  processing.  In  addition,  inter- 
ferometer techniques  can  be  combined  with  the  radar  system  to 
improve  angular  resolution.  The  following  discussion  provides 
an  estimate  for  the  resolution  available  from  these  options  to 
help  design  a working  system. 

In  calculating  the  resolution  capability  of  these  tech- 
niques, use  is  made  of  the  parameter  A0  corresponding  to  the 
half-angle  of  the  cone  (inside  which  the  data  are  collected) 
around  a given  scattering  direction  rather  than  of  the  surface 
distance  resolution,  since  the  former  is  the  more  relevant  for 
present  purposes  than  the  latter. 

i 

i! 

; 1.  Antenna  Pattern  Selectivity 

'i 

ji  ‘ Antenna  pattern  selectivity  is  particularly  suitable 

'i  for  bistatic  measurement,  since  the  angular  interval  2 A0 * 

! i 

i 1 

!l  A- 5 





is  independent  of  the  scattering  angle  6 and  is  determined 
by  the  antenna  beamwidth.  Also,  the  received  power  is  in- 
dependent of  the  receiving  antenna  gain  and  the  scattering  area  to 
receiver  range  R,  as  long  as  the  area  of  the  scattering  re- 
gion is  determined  solely  by  the  receiving  antenna  beam. 

The  radar  range  equation  can  be  expressed  in  terms  of 
the  effective  receiving  aperture  AR  and  the  area  A ^ on  the 
ground  determined  by  the  receiving  antenna  as 


P 


r 


P .g„ 
_i  T 

4ttR? 


A j a 
_£do 

4irRs 


(A- 18) 


Then,  making  use  of  the  facts  that,  for  an  aperture  of 
length  Lap, 


Ar 


v2 

4tt 


(A-19) 


and 


The  radar  range  equation  becomes 


P - 
r 


PiGTAt 


(A-20) 


The  antenna  beamwidth  8 is  given  approximately  by 


To  realize  AQ  < 2.5°, 
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(A-21) 


For  X - 23  cm, 


For  X - 3 cm, 


t.  _ X x 180  — it  fif.  i 

ap  1 x 2. 5 x-*  n-46X  • 


L.  = 264  cm  - 8.67  ft. 
ap 


L - 34.4  cm  - 1.13  ft. 
ap 


2.  Range  Resolution 
In  reference  to  Figure  A-l, 


R.  = 


y2 


1 COS  0^  ' 


(A- 22) 


R = 


s COS  0g  ’ 


(A-23) 


y2  , yl 

R R^  + Rs  cos  q . + CQS  Q ( ancj  (A-24) 


_3R^  = y,  sin6s 
30s  " 


(A-25) 


Therefore , 


AR  cos  0 


A0 


yl 


sin  e 


(A-26) 


R is  related  to  the  effective  receiver  bandwidth  by 


AR  = 


(A-27) 
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Based  on  this  relationship,  the  bandwidth  required  to  re- 
solve an  angular  interval  A0  is  given  by 


2 

c cos  6 

B “ y^Te  sin  0g  ' (A-28) 

For  an  angular  interval  of  5°  and  y^  = 100  ft,  the  required 
system  bandwidth  vs  0g  is  tabulated  in  Table  A- 2.  It  is 
important  to  notice  that  range  resolution  capability  can  be 
used  near  grazing  for  angular  resolution,  where  (1)  the 
angular  error  A0  gets  to  very  small  values  which  are  hard 
to  realize  by  antenna  pattern  selectivity  and  (2)  the  scat- 
tering measurements  need  that  type  of  accuracy. 

For  measurements  of  a for  0 £ 60°  range  gating  cannot 

0 s 

be  consistently  used,  values  of  angular  resolution  as  a func- 
tion of  0g  for  30  MHz  pulse  bandwidth  are  given  in  Table  A-3. 
Range  gating  can  be  used  to  separate  the  signal  received  via 
the  direct  path  from  the  signal  received  via  the  bistatic 
scattered  path.  Also,  range  gating  can  be  utilized  to  filter 
sidelobe  contributions  to  the  total  received  signal. 


3 . Simple  Doppler  Filtering 

Considering  the  nominal  values  for  the  aircraft  velocity 
(250  ft/sec)  and  the  receiving  tower  height  (y^  = 100  ft), 
a nominal  Doppler  resolution  (5  Hz)  can  be  related  to  the 
angular  measurement  interval  around  0,  and  8 . The  Doppler 
velocity  v^  is  given  by 

v^  = V cos  0d  . (A-29) 


Doppler  frequency  can  be  expressed  as 

c V 

fd  = A cos  0d  • 


(A- 30) 


Then , 
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TABLE  A- 2.  BANDWIDTH  REQUIRED  FOR 
A0  = 5 , y1  83  100  FT 


6s 

B 

(deg) 

(MHz) 

15 

406.6 

20 

291.2 

25 

219.2 

30 

169.2 

35 

131.9 

40 

103.0 

45 

79.8 

50 

60.8 

55 

45.3 

60 

32.6 

65 

22.2 

70 

14.0 

75 

7.8 

80 

3.5 
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Afd 


sin  6^ 


or 


A6d 


A 

v sin  6d 


Afd  • 


(A- 32) 


The  angle  6^  is  related  to  the  incidence  geometry  as  follows: 


cos  6 . s sin  9 - is  q„  . 
d i 


Then, 


and  so 


or 


sin  0 


sin  6i  sin  qfi 


sin  9 d 

A%  _ sin  6^  s in  qg  Aed 


A 1 

V sin  9.  sin  q 
i s 


Afd 


(A-33) 


(A-34) 


(A-35) 


(A-36) 


Table  A- 4 gives  the  value  of  Af^  in  Hz  for  different  values 
of  Aqg  in  degrees  for  9^  » 30°  and  qs  = 80°.  The  Doppler 
frequency  used  in  the  above  calculation  refers  to  the 
absolute  Doppler  frequency.  Measurement  of  this  absolute 
Doppler  requires  a non-modulated  reference  from  the  trans- 
mitter to  the  receiver.  The  absolute  Doppler  shift  can  be 
evaluated  by  studying  the  time  history  of  the  reference 
Doppler  signal  fdo'  It  is  also  of  interest  to  study  the 
relation  between  the  relative  Doppler 
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fdr  ■ fd  - fdo 


(A- 37) 


and  the  angle  4>g.  This  Doppler,  f^r,  is  proportional  to 
the  rate  of  change  of  the  path  length  difference  AR  (see 
Eqs . A- 13  and  A- 14) 


f . i 
rdr  ” A ”dt 


Rg  d cos  \j.< 
A dt 


Yi  d cos  <)> 

— sin  0.  tan  0„  §L 


A 


dt 


dcj) 


yl 

= — sin  0.  tan  0 sin  <j> 

A 1 8 s dt 


(A-38) 


d<J>g/dt  can  be  easily  calculated  by  considering  the  planar 
projection  of  the  scattering  geometry  in  Figure  A- 2.  This 
consideration  leads  to 


d<t>g  V sin(qg 


»s> 


tan  8 


whence  the  relative  Doppler  becomes 


(A- 39) 


£dr  “ A sin  9i  sin  *s  sin(clS  ~ *a) 


since  qg  = tt/2  . 


Thus, 


Nk— JTCTJ1  Nr  ‘l|l  1)111  !0I  *Tfl|  1 1 IfpilBF 1 


fdr  * H 


X-  sin  9.  sin  2<j>( 


(A-  41) 


and  so 


I \1 

. = f sin  6.  cos  24>  . 

34,s  X 1 s 


(A-42) 


From  the  latter,  the  increment  of  <|>8  can  be  written  as 


«*  „ A.  ~ radians 

“♦a  V sin  9i  cos  2<f> 


(A-43) 


For  the  values 


X = 23  cm  , 


V » 250  ft/sec  , 
9i  =>  30°,  and 


fir  . 

A* - - 0-3459  1E55%5-  degrees 


(A-44) 


Table  A- 5 gives  the  required  values  of  Af^  for  &4>s  2 for 

different  values  of  V In  all  of  the  above  Doppler  measure- 
ments, the  time  of  measurement  must  be  greater  than  the  in- 
verse of  the  Doppler  spread  fif*.  This  severely  restricts  the 
possibility  of  measuring  the  relative  Doppler  fdr-  This  is 
because,  even  if  the  Doppler  frequency  can  be  measured  to 
within  a fraction  of  a cycle,  the  maximum  number  of  points/ 
path  is  limited  to  a small  number.  For  example,  using  the 
nominal  value  for  the  aircraft  velocity  as  250  ft/sec,  a 
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23  cm  wavelength  antenna  beamwidth  10°  to  12°,  and  a nominal 

value  of  “ 4 to  5 miles,  the  transmitter  beam  illuminates 

the  useful  measurement  area  for  about  20  seconds.  If  2° 

accuracy  is  required  in  the  estimate  of  <{>  , the  measurement 

s 

time  is  about  3 seconds,  which  means  only  6 measurements  per 
path.  An  even  more  severe  limitation  would  arise  if  an 
attempt  were  made  to  use  simple  Doppler  filtering  to  limit 
the  bistatic  measurement  area. 

A. 1.4  CONCLUSION 

The  above  analysis  concludes  that,  within  available 
capabilities  of  a bandwidth  < 50  MHz  and  simple  Doppler  fil- 
tering (no  synthetic  aperture  processing)  with  a passband 
width  of  about  5 Hz: 

1.  Range  gating  and  Doppler  filtering  cannot 
both  be  used  to  limit  the  measurement  area 
(cursor  system)  except,  possibly,  for  scat- 
tering angles  near  grazing. 

2.  Antenna  beamwidth  is  particularly  suitable 
and  easier  to  use  for  determining  the 
measurement  area. 

3.  Range  delay  and  absolute  Doppler  frequency 
measurements  (simple  Doppler  filtering)  can 
be  used  to  determine  the  direction  of  inci- 
dence (8 ^ and  <f>g).  The  reference  for  the 
absolute  Doppler  measurement  can  be  obtained 
by  study  of  the  signal  history  of  the  direct 
path. 

4.  The  range  of  scattering  geometry  is  limited 
to  the  region  described  below: 

0.  : 30°  to  80°  (From  aircraft  altitude  and 

J"  maximum  range  considerations) 
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G : 15°  to  80°  (The  lower  limit  is  set  by 

s the  mechanical  limit  for 

scanning  a 10  ft  dish  in 
the  vertical  plane.) 

0:  0°  to  90°  (In  the  forward  scattering  t 

region.) 

A. 2 BISTATIC  MEASUREMENT  GEOMETRIES 

This  section  describes  problems  and  geometries  associated 
with  bistatic  radar  cross-section  measurements.  In  the  over- 
all program, ERIM  measured  the  bistatic  terrain  cross  section 

as  a function  of  the  angles  0.,  0 and  <j>  shown  in  Figure  * 

x s s / 

A-l.  Data  in  the  neighborhood  of  <|>  - 0 are  of  particular 

s ,• 

interest,  although  data  in  other  regions  are  also  important. 

Major  problem  areas  are:  (1)  resolution,  (2)  selectivity, 

(3)  signal- to-noise  (S/N)  ratio,  (4)  calibration,  (5)  data 
processing,  (6)  data  statistics,  and  (7)  data  analysis.  This 
section  discusses  the  first  three  factors,  and  the  last  from 
the  viewpoint  of  sidelobe  contribution  to  received  power. 

Consider  resolution.  For  meaningful  data,  the  angles 

A0j  , A9  , and  A<t>  which  the  scattering  patch  subtends  at  the 
1 s s 

transmitter  or  receiver  must  be  small  compared  with  0 . , 0 , ? 

X s 

and  4)  . The  three  methods  of  resolving  the  patch  are  antenna 
selectivity,  ranging,  and  Doppler  processing. 

Good  selectivity  is  important,  because  the  power  mea- 
sured from  a scattering  patch  must  not  be  contaminated  by 
the  direct  signal  from  the  antenna,  or  by  the  power  entering 
the  sldelobes  of  the  receiving  antenna. 


An  adequate  S/N  ratio,  which  depends  on  the  radar  param- 
eters, the  geometry,  and  the  type  of  processing,  is  necessary 
for  accurate  measurements . 


A. 2.1  SIDE-LOOKING  SYSTEMS 

Figure  A- 3 is  a sketch  of  the  side- looking  geometry. 

The  transmitting  antenna  has  a narrow  beam  (12°  at  A « 23 
cm)  orthogonal  to  the  aircraft  flight  path.  As  the  aircraft 
passes  the  receiving  tower,  the  receiving  system  picks  up 
the  scattered  signal.  Since  the  tower  height  is  much  less 
than  the  aircraft,  altitude,  the  measured  terrain  is  near  the 
tower. 

Consider  ranging  for  resolving  the  terrain  patches, 

The  constant  time  delay  contours  lie  far  apart  on  the  ground. 
Figure  A-4  shows  typical  contours  for  an  aircraft  height  of 
3500  ft  and  a minimum  ground  separation  of  4000  ft.  The  sig- 
nal reaching  the  receiving  antenna  first  follows  the  free- 
space  path;  this  path  length  is  5249.8  ft.  The  first 
scattered  return,  which  comes  via  the  specular  reflection 
point,  has  a path  length  of  5381.5  ft.  Since  the  path  dif- 
ference is  about  130  ft,  the  range  resolution  must  be  better 
than  130  ft  to  gate  out  the  direct  signal  coming  through  the 
receiving  antenna  sidelobes.  Power  calculations  show  that 
the  direct  signal  power  will  be  much  greater  than  the 
scattered  power;  therefore,  range  gating  will  be  essential. 

Figure  A-4  has  contours  for  path  differences  of  30,  60, 
325,  and  625  ft  compared  with  the  minimum  path  length  via 
the  specular  reflection  point.  Since  the  contours  are  far 
apart,  fine  range  resolution  is  necessary  for  isolation.  A 
30  MHz  bandwidth  yields  a range  resolution  of  10  m,  but  A0  , 
the  scattering  angle  subtended  by  the  ground  patch,  is  too 
large  for  measurement  purposes,  particularly  near  the  tower. 
Ranging,  however,  is  still  needed  for  the  rejection  of  the 
direct  signal  and  sidelobe  energy.  Antenna  selectivity  re- 
mains the  only  method  of  securing  resolution  in  the  direction 
toward  the  flight  path.  For  a narrow  elevation  beam,  the 
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receiving  antenna  must  have  a large  vertical  aperture  with 
weighting  for  sidelobe  reduction. 

Parallel  to  the  flight  path,  a wide  aperture  with  the 
corresponding  narrow  beam  will  furnish  the  necessary  angular 
selectivity  or,  alternatively,  Doppler  processing  will  yield 
resolution  which  is  independent  of  the  slant  range  from  the 
receiving  antenna.  With  a monostatic  synthetic  array  radar 
and  a broadside  antenna,  the  theoretical  resolution  is  half 
the  antenna  aperture  or  D/2.  For  the  geometry  of  Figure  A- 3, 
the  best  possible  resolution  with  a stationary  antenna  and 
Doppler  processing  is  D.  In  the  bistatic  case,  the  phase 
shift  is  half  that  in  the  monostatic  case,  doubling  the 
resolution. 

With  synthetic  aperture  processing,  the  target  must  re- 
main within  a range  resolution  cell  in  spite  of  range  curva- 
ture. For  Figure  A-4,  the  slant  range  to  a patch  will  vary 
5 1/4  ft  during  a pass  with  a 12°  transmitter  beam.  At  a 
20,000  ft  range,  the  slant-range  change  increases  by  36  1/2 
ft;  hence,  the  range  resolution  must  then  be  greater  than 
36  1/2  ft.  A 30  MHz  bandwidth  with  30  ft  resolution  is  not 
possible  at  this  range.  Range  curvature  thus  dictates  a 
compromise  between  range  and  azimuth  resolution. 

An  alternate  receiving  system  has  an  antenna  beam  narrow 

in  elevation  but  broad  in  azimuth  as  in  Figure  A- 5.  Synthetic 

aperture  processing  supplies  good  azimuth  resolution  for  patch 

separation,  but  the  maximum  allowable  value  of  A cjj s limits  the 

azimuth  resolution.  If  A0  < 3.5°,  only  half  of  the  12° 

s 

transmitter  beamwidth  can  be  processed,  and  the  azimuth 

resolution  is  twice  the  transmitting  antenna  aperture  or  13.4 

ft.  When  6 = 45°,  a 13.4  ft  width  subtends  an  angle  of  5.5° 

s 

from  the  100  ft  receiving  tower.  Here  again,  there  is  a 
trade-off.  Fine  azimuth  resolution  requires  too  large  a 
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value  of  A<j>  from  the  transmitter;  on  the  other  hand,  with 

b 

poorer  resolution,  the  patch  subtends  too  large  a AA  value 

s 

at  the  receiver. 

The  angle  0 determines  the  number  of  data  points  per 
pass;  there  are  more  points  when  the  antenna  has  a low  de- 
pression angle.  When  0 - 45°,  there  are  about  15  data 

s 

samples  per  pass;  when  0 = 80°,  the  number  of  data  samples 

s 

increases  to  85. 

For  45°  < 4> „ < 135°,  a similar  system  can  be  used,  ex- 
s 

cept  that  the  receiving  antenna  beam  becomes  narrow  in 
azimuth  and  broad  in  elevation  (Figure  A-5).  Synthetic 
aperture  processing  can  supply  fine  resolution  in  the  direc- 
tion normal  to  the  isodops. 

The  fixed-beam  system  has  the  advantage  of  mechanical 
simplicity,  because  the  antenna  does  not  scan.  Its  disad- 
vantages are  a more  complex  receiver  and  processing  compared 
with  a scanning  system. 

If  trading  simplicity  in  the  receiver  for  poorer 
resolution  is  acceptable,  an  unfocused  synthetic  array  can 
be  used.  With  an  unfocused  array,  the  resolution  is  approxi- 
mately : 


for  the  geometry  of  Figure  A-3.  At  a slant  range  of  5000  ft 

and  a wavelength  of  23  cm,  the  unfocused  resolution  will  be 

43  ft.  Better  resolution  is  necessary  near  the  tower  to  keep 

A(J»  small  enough, 
s 

Another  method  of  acquiring  data  is  to  scan  the  area 
near  the  receiving  tower  with  a large  dish  as  the  aircraft 
flies  past  and  illuminates  the  area  (Figure  A-6) . A 3°  re- 
ceiving beam  requires  a 5 m dish  at  a 23  cm  wavelength.  The 
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12°  transmitter  beam  is  650  ft  wide  at  the  5300  ft  slant 
range  of  Figure  A-4.  At  a velocity  of  250  fps  (170  mph)  the 
beam  passes  over  the  receiving  tower  in  2.6  seconds,  requir- 
ing a rapid  scan.  With  a 3°  beamwidth,  there  are  60  data 
points  for  a 180°  scan.  There  is  no  synthetic  aperture  pro- 
cessing with  this  system,  and  the  receiver  can  be  either 
coherent  or  noncoherent.  With  a coherent  receiver,  the  S/N 
ratio  is  greater  because  coherent  pulse  integration  is  more 
efficient  than  noncoherent. 

The  scanning  receiving  system  has  the  advantage  of  sim- 
plicity The  disadvantage  is  mechanical;  it  is  difficult  to 
turn  a large  antenna  rapidly  enough  to  scan  the  illuminated 
area.  Increasing  the  slant  range  to  5 miles  increases  the 
illumination  time  to  13  seconds  and  lowers  the  required 
scanning  speed.  With  a dual-polarized  feed,  data  can  be 
collected  with  parallel  and  crossed  polarizations  simultan- 
eously, reducing  the  number  of  passes  required. 

A.  2. 2 SPOTLIGHT  SYSTEM 

After  evaluating  the  various  measurement  techniques 
considered  (and  reviewed  in  this  appendix) , the  spotlight 
bistatic  measurement  technique  was  selected  for  the  opera- 
tional system.  This  technique  is  illustrated  in  Figure  8. 

The  results  of  the  analyses  discussed  in  this  appendix 
show  that  the  use  of  a receiving  antenna  aperture  to  define 
the  scattering  area  A ^ provides  the  most  accurate  measure 
of  Agd>  this  approach  is  utilized  as  part  of  the  spotlight 
bistatic  technique.  Also,  the  data  reduction  process  for  the 
spotlight  technique  was  determined  to  be  more  easily  pro- 
grammed and  to  have  greater  accuracy,  when  compared  with  the 
other  techniques  considered.  In  summary,  the  spotlight 
technique  satisfies  the  following  major  requirements: 
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1.  Basic  sampling  theory  requires  as  many 
independent  samples  of  ao  as  possible  for 
each  set  of  bistatic  angles,  with  four 
being  the  minimum  acceptable  number.  The 
spotlight  geometry,  along  with  the  scanning 
receiving  antenna,  provides  a maximum  number 
of  data  samples  for  each  data-collection 
pass.  Adequate  sampling  is  a particular 
problem  at  23  cm,  as  discussed  in  Section  5.5, 
and  this  problem  is  resolved  by  the  use  of  the 
spotlight  technique. 

2.  The  spotlight  system  provides  data  over  the 
complete  azimuthal  range  of  angles  for  any 
realizable  incidence  and  scattering  angles. 

3.  With  the  information  obtained  from  the  auto- 
matic tracking  system  (that  is,  the 
illumination  angle  from  the  aircraft  to 

and  the  angular  information  from  the  re- 
ceiving antenna  scan,  the  bistatic  azimuth 
angle  is  easily  determined. 

Operational  parameters  are  adjusted  so  that  the  receiv- 
ing antenna  scans  through  the  specified  range  of 
during  a period  in  which  the  illumination  angle,  ^RACK’ 
changes  by  5°  or  less.  The  separation  between  the  receiver 
and  the  transmitter  is  made  large  to  insure  that  the  area 
illuminated  by  the  12°  transmitting  antenna  beam  is  larger 
(by  at  least  a factor  of  3)  than  the  sector  scanned  by  the 
receiving  antenna.  Based  on  these  considerations,  the  re- 
quired receiving  antenna  scan  time  (one-way  scan)  was  deter- 
mined to  be  8 seconds . 

The  geometry  and  power  available  allowed  the  measurement 
of  a minimum  a value  of  -AO  dB  at  23  cm  and  -20  dB  at  3 cm. 
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A. 2. 3 SIDELOBE  CONTRIBUTION  TO  RECEIVED  POWER 


For  those  situations  where  the  specular  point  may  be 
present  in  the  sidelobe  region  of  the  receiver  antenna  foot- 
print, one  must  be  concerned  that  its  effect  may  overweigh 
the  mainbeam  return.  This  section  addresses  this  problem 
and  concludes  that  the  presence  of  the  specular  point  in  a 
receiver  antenna  side'iobe  should  not  give  undue  weight  to 
that  portion  of  the  return. 

Reference  A-l  provides  the  observation  (from  Grant  and 
Yaplee  measured  data,  1957)  that,  at  X = 3 cm,  grass-covered 
terrain  may  behave  like  an  isotropic  radiator  with 

o<6)  = aQ(0)  cos20  , (A-45) 

where  aQ(0)  is  the  normal  incidence  monostatic  return  which 
may  vary  between  -30  dB  and  -15  dB.  Thus  (Figure  A-7) , 
there  is  about  a 15  dB  variation  in  oQ(e)  over  a 30°  angle 
off  normal. 

Not  all  measured  data  agree  with  the  above.  Some  obser- 
vations show  oQ(.0)  dropping  off  more  rapidly  from  the  normal- 
incidence  value  than  the  above  equation  indicates.  Neverthe- 
less, Eq.  (A-45)  affords  a starting  point  for  further 
discussion. 

One  approach  is  to  apply  the  above  equation  to  the  bi- 
static case  by  stretching  the  Bistatic  Theorem.  This  theorem 
says  than,  if  scattering  surface  curvature  is  large  enough, 
smooth  enough,  and  perfectly  conducting  (the  latter  two  con- 
ditions are  surely  not  fulfilled),  the  bistatic  return  is 


equivalent  to  the  monostatic  return  at  the  bisector  of  the 
bistatic  angle.  Assuming  the  applicability  of  this  theorem 
to  terrain  scattering,  one  can  conclude,  with  the  help  of 
the  above  equation,  that  specular  and  non- specular  returns 
should  not  differ  much,  at  least  out  to  equivalent  monosta- 
tic angles  of  30°  off-normal.  Thus,  if  the  specular  point 
should  fall  in  a receiver  sidelobe,  it  would  not  unduly 
overweigh  the  contribution  from  that  sidelobe.  So  one  may 
account  for  sidelobe  energy  simply  on  the  basis  of  propor- 
tional area  subtended  by  a certain  sidelobe  angular  width 
(fixed  by  some  pre-assigned  level  of  interest) . 

This  last  approach  is  used  to  estimate  the  amount  by 

which  sidelobe  return  falls  below  mainlobe  return,  using 

-30  dB/ML*  contours  as  the  level  of  interest.  In  this  event, 

only  the  first  sidelobe  is  of  importance  since  the  second 

sidelobe  peak  is  -33.6  dB/ML.  For  a range  of  values  of  9 , 

s 

one  finds  the  levels  by  which  mainlobe  return  exceeds  (in 
dB)  sidelobe  return;  see  Table  A--6. 

A. 3 TWO  AIRCRAFT  MEASUREMENT  SYSTEM 

Using  two  aircraft,  one  with  an  illuminating  source 
and  a second  with  the  receiving  system,  bistatic  images  can 
be  formed  from  recorded  received  signals  in  a manner  similar 
to  SAR  system  techniques.  This  provides  bistatic  scattering 
data  for  a very  wide  area,  bistatic  clutter  statistics  can 
than  be  obtained  for  a very  wide  range  of  terrain  types  and 
scenes . 


dB  relative  to  the  mainlobe. 
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TABLE  A- 6.  RATIOS  OF  MAINLOBE  TO 
SIDELOBE  RETURN 
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APPENDIX  B 
INSTRUMENTATION 


A brief  discussion  of  the  instrumentation  for  the 
bistatic  measurements  program  is  presented  in  Section  3. 

The  purpose  of  this  appendix  is  to  provide  additional  de- 
tails regarding  certain  aspects  of  the  experimental  system. 
In  particular,  further  information  is  given  on  bistatic 
antennas  (Section  B.l),  bistatic  receivers  (B.2),  and  data 
recorders  (B.3). 

B.l  BISTATIC  ANTENNAS 

B.1.1  PRIMARY  FEED  DESIGNS  FOR  RECEIVING  ANTENNAS 

The  3 cm  wavelength  feed  consists  of  a 2.5  x 2.5  cm 
square  section  of  waveguide  fitted  with  mode  suppressors 
and  impedance  devices.  The  radiating  aperture  is  flared 
slightly  to  provide  the  necessary  illumination  for  the  46 
cm  diameter  reflector.  Vertical  and  horizontal  polariza- 
tions are  obtained  by  appropriately  exciting  the  square 
waveguide  from  its  rear  and  side  walls. 

The  23  cm  wavelength  feed  consists  of  four  dipoles 
arrayed  in  a 0.6  x 0.6A  square  configuration.  One  parallel 
set  of  dipoles  provides  reception  at  horizontal  polarization 
and  the  other  (orthogonal)  pair  provides  vertical  polariza- 
tion. The  four  dipoles  are  mounted  nominally  A/4  in  front 
of  a 30.5  cm  diameter  ground  plane  to  achieve  the  desired 
illumination  taper  for  the  3.1  m diameter  parabolic  reflec- 
tor. 

Note  that  each  reflector  has  a focal  length- to- diameter 
ratio  F/D  of  0.45. 
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B.1.2  RECEIVING  ANTENNA  SYSTEM  TEST  RESULTS 

The  VSWR,  antenna  gain,  polarization  isolation,  half- 
power  beamwidth,  and  first  sidelobe  level  were  measured 
for  both  the  3 cm  and  the  23  cm  wavelength  antenna  systems. 
Typically,  the  VSWRs  of  both  feeds  are  less  than  1.5:1 
relative  to  50  ohms  and  both  antenna  gains  are  30  dB  above 
isotropic . 

Pattern  data  were  collected  for  five  orientations  of 
the  antennas.  With  the  observer  stationed  behind  the  trans- 
mitting antennas  and  looking  toward  the  receiving  antennas 
(while  the  two  antenna  systems  are  pointed  toward  each  other) , 
both  antennas  were  initially  positioned  (Orientation  No.  1) 
so  that  the  transmitting  horn  and  one  set  of  receiver  dipole 
elements  were  vertically  polarized.  For  Orientations  Nos. 

2 and  3,  the  transmitting  and  receiving  antennas  were  simul- 
taneously rotated  (+)  30  and  60°  clockwise  (as  viewed  from 
the  transmitter)  about  their  axes.  For  Orientations  Nos.  4 
and  5,  the  antennas  were  similarly  rotated  counter-clockwise 
(-)  30  and  60°.  The  data  are  summarized  in  Tables  B-l  and 
B-2  for  the  3 cm  and  23  cm  wavelength  antennas,  respectively. 

The  complete  receiving  antenna  system  is  mounted  on  a 
pedestal  to  permit  azimuth  scanning.  Since  an  APS-23  radar 
antenna  pedestal  was  available  at  ERIM,  it  was  used  during 
the  experiment.  Unfortunately,  the  torque  capacity  of  the 
pedestal  was  limited.  One  servo  drive  motor  was  destroyed 
by  wind  loading;  the  wind  velocity  was  approximately  15  kts. 
All  subsequent  operation  was  therefore  limited  to  conditions 
when  winds  were  less  than  10  kts. 

B.1.3  CROSS -POLARIZATION  ISOLATION 

During  the  bistatic  measurement  program,  b.., dh  parallel 
and  cross-polarized  oQ  values  were  measured.  The  cross- 
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polarization  isolation  of  both  the  transmitting  and  re- 
ceiving antennas  places  a lower  limit  on  the  cross-polarized 
aQ  values  that  can  be  measured;  this  appendix  discusses  that 
limit. 

The  bistatic  radar  equation  gives  the  relationship  be- 
tween the  received  and  transmitted  power.  Thus, 


P1  Gt  Gr  L X aQ  Aed 
(4rr)3  K2s 


(B-l) 


In  order  to  investigate  cross-polarized  oo>  it  is  necessary 
to  account  for  additional  components.  For  simplicity, 
assume  for  the  purposes  of  this  analysis  that  the  transmitting 
antenna  is  radiating  vertical  polarization  and  it  is  desired 
to  measure  oqVV  and  ooVR.  Assume  also  that  there  are  two 
receiving  antennas,  one  with  vertical  and  the  other  with 
horizontal  polarization. 

Ideally,  the  aircraft  would  transmit  only  vertical 
polarization,  but  in  practice  there  is  also  a horizontal 
component.  Let  GTV  and  be  the  transmitting  antenna 
gains  with  vertical  and  horizontal  polarization,  respectively; 
an  asterisk  is  used  to  designate  the  spurious  gain  component. 

The  power  received  by  the  vertical  receiving  channel,  Pry. 
will  then  be 

(1)  (2) 

« Grv  Gtv  oqVV  + Grv  G*r  ooHV 


+ G&H  GTV  aoVH  + GSh  GTH  aoHH 


(B-2) 


Term  (1)  on  the  right  side  of  Eq.  (B-2)  is  the  desired  power 
component.  Term  (2)  represents  power  coupled  into  the 
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vertical  receiving  channel  through  the  cross-polarization 
scattering  coefficient  ooHy;  this  power  was  transmitted  to 
the  ground  with  horizontal  polarization  and  gain  G^.  The 
third  term  represents  power  coupled  into  the  channel  through 
the  cross-polarization  scattering  coefficient  and  re- 

ceived with  antenna  gain  G|^.  Finally,  term  (4)  represents 
power  coupled  through  both  spurious  antenna  gain  components 
(G|h  and  and  the  parallel-polarization  scattering  co- 

efficient oqH^. 

By  reciprocity, 


aoVH  " aoHV  ' <B“3> 

Normally,  a0yjj  is  8 or  more  dB  below  oQyy  or  aoHH.  The 
cross-polarization  isolations  for  the  transmitting  and  re- 
ceiving antennas  are  all  better  than  20  dB*,  that  is,  G*H 
and  Ggjj  are  each  at  least  20  dB  below  G^v  and  GRV,  respec- 
tively. Then,  terms  (2)  and  (3)  are  each  at  least  28  dB 
below  (1) , and  term  (4)  is  at  least  40  dB  below  (1) . With 
smooth  materials  such  as  sand,  oqVH  >>  aoVV  at  some  angles 
and  an  appreciable  error  in  the  measurement  can  result,  be- 
cause (2)  and  (3)  will  then  be  large  compared  with  (1) . 

For  the  cross-  or  horizontally-polarized  receiving 
channel,  the  received  power  can  be  written 


Cross-polarization  isolations  for  the  transmitting  antennas 
are  > 25  dB  (3  cm  wavelength)  and  > 20  dB  (23  cm  wavelength) . 
Similarly  (see  Tables  B-l  and  B-2),  the  respective  isola- 
tions for  the  receiving  antennas  are  > 27  dB  and  > 31  dB. 
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TABLE  B-l.  3 cm  WAVELENGTH  RECEIVING  ANTENNA  DATA 


Frequency  = 9.45  GHz 
Gain  “ 30.5  dB/isotropic 
Cross-Polarization  Isolation  a 27  dB 


Polarization 

Sidelobe 

(dB) 

3 dB  Beamwidth 
(deg) 

H 

-24 

5.8 

V 

-22 

5.8 

+30 

-24 

5.7 

+60 

-23 

5.8 

-30 

-24 

5.7 

-60 

-25 

5.8 

TABLE  B-2.  23  cm  WAVELENGTH  RECEIVING 

ANTENNA  DATA 

Frequency  * 1.315  GHz 

Gain  = 30.2  dB/isotropic 
Cross-Polarization  Isolation 

= 31  dB 

Polarization 

Sidelobe 

(dBf 

3_ 

dB  Beamwidth 
(deg) 

H 

-24 

5.8 

V 

-24  . 

6.0 

+30 

-25 

5.9 

+60 

-25 

6.8 

-30 

-25 

5.9 

1 

o> 

o 

-27 

6.0 
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PrH  * GRH  GTV  aoVH  + GRH  GTH  °oHH 


+ GRV  GTV  °oW  + GRV  GTH  ctoHV  • 


(B-4) 


Terras  (1)  and  (4)  in  Eq.  (B-4)  represent  the  desired 
scattered  power;  term  (1)  is  40  dB  or  more  above  (4)  because 
Ggv  and  G*th  are  each  20  dB  or  more  below  GpH  and  GTy,  re- 
spectively. For  an  accurate  measurement  of  ooyjj,  it  is 
required  that 


°RH  GTV  °oVH  GRH  °TH  °oHH  and 


GRH  GTV  °oVH  grv  gtv  "oW 


or,  rewriting, 


(B-5) 


GTV  ^ aoHH 


(B-6) 


GrH  >> 
>J> 


(B-7) 


Equations  (B-6)  and  (B-7)  state  that  the  cross-polarization 
isolations  of  the  transmitting  and  receiving  antennas  must 
be  much  greater  than  the  ratio  of  the  parallel  to  the  cross- 
polarization oo  components. 

Errors  in  the  geometrical  alignment  between  the  trans- 
mitting and  receiving  antennas  can  increase  the  spuriou 
responses.  Table  B-3  lists  the  ratios  of  cross-polarized  to 
parallel-polarized  components  at  the  receiver  resulting  from 
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TABLE  B-3.  SPURIOUS  CROSS-POLARIZED  COMPONENT  CAUSED 
BY  AN  ERROR  BETWEEN  TRANSMITTING  AND  RECEIVING  ANTENNA 

AXES 


Angular  Error 
(deg) 

1 

2 

3 

4 

5 

6 


Cross -Polarized 
Component 
(dB) 

-35 

-29 

-26 

-23 

-21 

-20 


2 

Cross-Polarized  Component  sin  e 
Parallel-Polarized  Component  coc^e 

e = alignment  error  between  antenna  axes 
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various  angular  orientation  errors  between  the  transmitting 
and  receiving  antennas.  Note  that  an  error  of  6°  reduces 
the  isolation  to  20  dB. 

Based  on  the  above  analysis,  it  is  clear  that,  in  any 
bistatic  data  gathering  program,  the  receiving  and  trans- 
mitting antenna  orientations  must  be  kept  parallel  in  order 
to  minimize  spurious  components  in  the  received  signals. 

Also,  a0yu  values  which  are  too  far  below  or  a must 

be  discarded,  because  such  readings  will  be  contaminated  by 
feedthrough  of  oq^  or  oQVy. 

B. 2 BISTATIC  RECEIVERS 

This  section  discusses  the  operation  of  the  bistatic 
receivers;  see  Figures  B-l  through  B-5. 

B.2.1  REQUIRED  FUNCTIONS 

An  automatic  means  of  gathering  data  on  a pulse- to-pulse 
basis  is  needed  to  measure  the  bistatic  oq  during  the  flight 
tests.  The  method  selected  is  to  use  the  received  video  it- 
self to  trigger  the  sample-hold  circuit,  which  then  measures 
the  amplitude  of  the  video  signal  via  a delay  line.  In  order 
to  implement  such  a technique,  the  following  functions  are 
required ; 

First,  a device  is  needed  to  switch  the  bistatic  re- 
ceivers off  until  the  direct-path  transmitted  pulse  has 
passed  the  receiving  antenna  platform.  This  is  done  by  in- 
stalling RF  switches  at  the  inputs  of  the  3 cm  and  23  cm 
wavelength  parallel  receivers  (see  Figure  B-l);  these 
switches  insure  that  only  the  bistatic  signal  returns  from 
the  ground  are  allowed  to  enter  the  inputs  of  the  receivers. 
To  accomplish  this,  a synchronizing  pulse  originating  aboard 
the  C-46  is  received  and  detected  at  the  ground  site;  it  is 
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Crossed  Receiver  Circuit  Diagram  for  X = 23  cm 


then  conditioned  with  appropriate  delays  and  used  to  trigger 
the  RF  switches,  The  RF  switch  "on"  time  did  not  exceed  3 
ysec  during  the  flight  tests;  a minimum  "on"  time  of  1.6 
ysec  was  used  on  the  last  flight.  The  "off"  time  provided 
attenuation  greater  than  60  dB  at  the  input  of  each  receiver. 

Second,  the  received  video  pulse  needs  to  be  delayed 
in  order  that  the  sample-hold  gate  can  measure  its  peak 
amplitude.  A 250  nsec  delay  line  with  rise  and  fall  times 
of  less  than  20  nsec  is  used  to  perform  the  delayed  video 
pulse  function  (see  Figures  B-l,  B-3,  B-4,  and  B-5). 

Third,  a threshold  gain  adjustment  is  needed  to  control 
the  3 cm  and  23  cm  wavelength  receivers  in  order  to  keep  the 
receivers  from  triggering  on  noise  or  signals  received  via 
the  sidelobes  f the  antenna.  This  function  is  implemented 
by  controlling  the  gain  of  a video  amplifier  used  to  trigger 
the  sample-hold  circuits.  The  threshold  setting  is  adjusted 
using  a known  calibrate  input  RF  signal  controlled  from  the 
van. 


B.2.2  SEQUENCE  OF  EVENTS 

The  following  sequence  of  events  occurs  in  order  to  ob- 
tain the  desired  data  on  a pulse- to-pulse  basis: 

1.  The  RF  switches  in  the  two  parallel-polarization 
receivers  are  triggered  "on"  (minimum  attenuation; 
for  a predetermined  time  interval  of  1.5  to  3.0 
ysec. 

2.  If  an  RF  signal  is  present  during  this  "on"  time, 
it  is  amplified  and  detected  at  the  video  mixer, 
resulting  in  a coherent  bipolar  video  pulse  of 

at  least  50  nsec  width  in  each  receiver, 

3.  Each  received  pulse  is  further  amplified  by  a 
video  amplifier  (Figure  B-2)  whose  output  is 
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coupled  both  to  a delayed  video  path  and  to  a 
direct  video  path.  The  delayed  path  is  the 
data  acquisition  channel  and  utilizes  a 250 
nsec  delay  line.  In  the  direct  channel,  the 
video  pulse  is  further  amplified,  making  it 
possible  for  this  pulse  to  trigger  a delay  gate. 
Since  the  video  pulse  can  be  either  positive- 
or  negative-going,  appropriate  interface  logic 
is  required  in  order  to  trigger  on  either 
polarity.  The  leading  edge  of  the  video  pulse 
triggers  the  delay  gate,  which,  in  turn,  trig- 
gers a 100  nsec  sample-hold  gate. 

The  delay  gate  control  is  adjusted  so  that  the 
100  nsec  sample-hold  gate  intercepts  the  delayed 
video  pulse  at  such  a time  as  to  cause  a peak 
voltage  response  at  the  output  cf  the  sample-hold 
circuit.  Each  sample-hold  gate  is  also  coupled 
to  the  corresponding  crossed-polarizatior.  receiver 
sample-hold  circuit  to  perform  the  same  function. 
In  this  manner,  the  peak  amplitude  of  each  50  nsec 
video  pulse  is  held  for  data  processing. 

The  output  of  the  sample-hold  delay  circuit 
also  triggers  a data-reset  delay  circuit. 

This  delay  is  220  ysec;  at  the  end  of  this  time 
interval,  a 1 ysec  data-reset  pulse  occurs. 

The  1 ysec  pulse  resets  each  sample-hold  circuit 
to  zero  volts.  Thus,  the  output  of  each  sample- 
hold  circuit  displays  a rectangular  waveform  of 
220  ysec  with  a reset  time  of  about  30  ysec. 

This  30  ysec  reset  time  between  PRF  pulses  was 
selected  because  the  FR-1300  tape  recorder  has 
rise  and  fell  times  of  about  20  ysec;  thus,  the 
tape  recorder  is  allowed  to  recover  before  the 
next  PRF  data  pulse  occurs. 
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The  sample- and- ho Id  data  pulse  (receiver  output)  is 
amplified  and  directed  down  a 200  ft  coax  where  it  is 
coupled  to  the  instrumentation  boards.  The  instrumentation 
boards  condition  the  receiver  outputs  for  the  FR-1300  tape 
recorder  and  the  analog  strip-chart  recorder.  An  analog 
readout  of  the  data  is  implemented  by  injecting  the  digital 
data  (sample-hold  output)  into  a true  RMS-to-dc  converter. 
The  converter  output  is  further  conditioned  through  a log- 
rithmic  amplifier  before  being  coupled  to  the  strip-chart 
recorder  for  monitoring  purposes. 

B.2.3  SAMPLE-HOLD  OUTPUT  RESPONSE 

In  order  to  properly  adjust  the  bistatic  receivers,  a 
test  was  conducted  to  determine  their  output  response.  In 
this  test,  a pulse  generator  was  used  to  simulate  the  re- 
ceived RF  pulse  at  the  input  to  the  video  amplifier;  a 40 
nsec  pulse  width  occurring  at  a 4 kHz  PRF  rate  served  as 
the  video  input  signal.  The  input  amplitude  was  maintained 
constant  while  incremental  adjustments  of  the  sample- hold 
time  delay  circuit  were  made.  Figure  B-6  shows  the  measured 
output  response;  this  curve  represents  the  shape  of  the 
sampled  test  pulse. 

The  input  pulse  from  the  pulse  generator  had  a rise 
and  fall  time  of  less  than  5 nsec.  Note,  however,  that  the 
rise  and  fall  time  is  about  25  and  20  nsec,  respectively, 
for  the  output  plotted  in  Figure  B-7.  This  occurs  because 
the  rise  and  fall  times  of  the  delay  lines  are  a nominal  20 
nsec.  The  dotted  lines  shown  in  the  figure  are  drawn  be- 
cause the  output  response  at  delays  of  -50  and  +40  nsec  from 
the  peak  value  exhibits  a voltage  polarity  reversal.  This 
polarity  reversal  is  caused  by  the  overshoot  characteristics 
of  the  video  amplifier. 

The  normal  operating  setting  of  the  sample-hold  delay 
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is  to  center  the  sample-hold  gate  at  the  peak  of  the  pulse 
response.  This  is  done  by  using  the  system's  50  nsec  RF 
calibration  pulse  as  the  input  while  observing  the  output 
with  a digital  RMS  voltmeter. 

B.2.4  LOCAL  OSCILLATOR 

A 46  cm  diameter,  parabolic,  3 cm  wavelength  antenna  is 
used  to  receive  the  two  STALO  frequencies  transmitted  from 
the  aircraft.  This  antenna  is  mounted  on  the  tracker  pedes- 
tal and  is  boresighted  with  respect  to  the  two  azimuth 
tracking  horns.  The  9350  and  8135  MHz  STALO  frequencies 
transmitted  from  the  aircraft  make  the  bistatic  dual-band 
receivers  coherent  with  respect  to  the  transmit  pulses. 

These  two  frequencies  are  amplified  and  mixed  to  produce 
the  L.O.  frequencies  for  the  3 and  23  cm  wavelength  receivers. 

Figure  B-7  shows  plots  of  the  output  L.O.  powers  ver- 
sus the  input  RF  powers;  two  Gunn  oscillators  were  used  to 
simulate  the  received  3 cm  STALO  frequencies  for  this  test. 

The  oscillators'  outputs  were  coupled  to  the.  input  of  the 
first  TWT  via  a directional  coupler  (see  Figure  B-l).  The 
9350  MHz  frequency  is  amplified,  up-converted  to  9450  MHz, 
and  amplified  again,  resulting  in  the  output  power  level 
shown  in  Figure  B-7.  Similarly,  the  23  cm  L.O.  signal  is 
the  difference  frequency  (1215  MHz)  which  results  from  mixing 
the  9350  and  8135  MHz  signals.  In  the  figure,  both  bands 
show  a wide  range  of  operating  input  power  levels  correspond- 
ing to  approximately  constant  output  L.O.  power  levels. 

Based  on  Figure  B-7,  the  operating  range  is  defined  to  in- 
clude all  input  power  levels  which  exceed  -70  dBm  and  which 
are  less  than  -45  dBm. 

Instrumentation  is  provided  in  the  system  with  which 
to  record  the  received  STALO  input  power  levels.  These 
levels  are  monitored  by  the  analog  strip  chart  recorder. 
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Figure  B-7.  Received  STALO  Powers  vs.  3 and  23  cm  L.O.  Power 


It  can  be  determined  from  the  chart  recording  if  the  received 
STALO  powers  exceed  the  minimum  -70  dBm  level  needed  to  main- 
tain the  proper  L.O.  power  levels. 

figure  B-8  shows  the  conversion  losses  of  the  3 and  23 
cm  mixers  versus  L.O.  power  used  in  the  bistatic  receivers. 
Note  that  neither  loss  varies  any  more  than  0.5  dB  over  the 
operating  range  indicated  by  the  dotted  lines  in  the  figure. 

B.2.5  BISTATIC  CIRCUIT  BOARD  DESCRIPTIONS 

This  section  describes  fifteen  circuit  boards  employed 
in  the  bistatic  receiving  system. 

Board  1:  Sync  Generator  and  PRF  Instrumentation 

Board  1 (Figure  B-9)  conditions  the  received  PRF  syn- 
chronizing (sync)  pulse  from  the  C-46  aircraft.  A 200  nsec 
pulse  from  the  sync  pulse  threshold  detector  is  conditioned 
to : 

1.  generate  a 1 usee  sync  pulse  with  the  proper 
delay  to  trigger  the  bistatic  receivers  on, 

2.  supply  a system  PRF  trigger  for  an  oscillo- 
scope for  alignment  and  monitoring  purposes, 

3.  provide  a trigger  to  measure  and  record  the 
AR , and 

4.  stretch  the  PRF  pulse  for  recording  and 
monitoring  purposes . 

R-l  is  used  to  delay  the  1 usee  sync  pulse  and  can  be 
adjusted  properly  by  monitoring  TP-1.  TP-2  is  a test  point 
where  the  60  usee  PRF  pulses  which  are  coupled  to  the  FR-1300 
tape  recorder  can  be  monitored.  Logic  and  driver  circuits, 

15  and  16,  function  to  enable  the  PRF  for  recording  and  to 
drive  LED  indicators  located  on  the  control  panel. 
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Board  2 : Calibration  PRF  Generator 


Board  2 (Figure  B-10)  contains  an  internal  PRF  genera- 
tor to  simulate  the  received  PRF  signals  when  the  system  is 
not  operating.  Its  functions  include: 


1. 

a basic  8 kHz  PRF  trigger  generator, 

2. 

a sync  pulse  generator. 

3. 

a 50  nsec  pulse  width  generator  to  control 
the  RF  pulses , 

4. 

logic  to  simulate  the  dual- band  PRF  alternate 
pulsing  sequence,  and 

* 

/ 

5. 

a AR  range  delay  generator  to  calibrate  the 

AR  instrumentation. 

R-4  is  used  to  adjust  the  calibration  PRF  to  match  the 
PRF  of  the  C-46  radar. 
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12  develops  a 150-200  nsec  pulse  used  to  trigger  the 
8155  MHz  PIN  modulator  "off"  in  the  RF  receiving  section. 
Its  function  is  to  simulate  the  received  sync  pulse  from 
the  aircraft.  The  sync  pulse  threshold  detector  located  in 
the  RF  section  is  activated  by  this  RF  attenuation  pulse. 

R-3  controls  the  50  nsec  pulse  used  to  trigger  the  two 
RF  switches  in  the  3 and  23  cm  RF  calibration  paths.  The 
RF  pulses  simulate  the  received  bistatic  data  pulses.  A 
range  delay  control  circuit,  1-2  and  1-3,  provides  a means 
to  calibrate  the  AR  channel.  Controls  R-l  and  R-2  are  used 
to  adjust  the  maximum  and  minimum  range  of  the  calibrated 
AR  channel.  The  maximum  range  of  the  AR  is  determined  by 
the  last  step  of  the  staircase  voltage  driving  1-3. 

Logic  integration  circuits  15  and  16  control  alternate 
sequencing  of  the  dual-band  PRF  function.  The  normal  posi- 
tion of  the  SW-1  control  alternates  the  sequencing  of  the 
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Figure  B-10.  Board  2:  Calibration  PRF  Generator 


dual-band  PRF  function.  The  normal  position  of  SW-1  is  the 
Toggle  position.  When  SW-1  is  in  the  1:1  position,  a 50 
nsec  pulse  triggers  the  3 and  23  cm  RF  switches  at  the  same 
time . 

When  the  system  control  panel  switch  is  in  the  Operate 
positior , the  calibration  PRF  generator  is  inhibited.  A 
bias  voltage  to  attenuate  the  PIN  modulators  to  their  maxi- 
mum (80  dB)  via  Q1  and  Q2  also  occurs  in  the  system's 
operate  position.  This  attenuation  function  essentially 
cuts  off  the  RF  signal  developed  from  the  two  3 cm  Gunn 
oscillators  used  to  simulate  the  received  RF  signals  from  the 
C-46  aircraft. 

Board  3:  AR  Instrumentation  Generator 

Instrumentation  for  the  AR  recording  is  implemented  on 
Board  3 (Figure  B-ll).  AR  is  measured  on  each  PRF  pulse 
a.:,d  calibrated  with  reference  to  the  sync  pulse.  The  leading 
edge  of  the  detected  sync  pulse  via  Board  1 starts  the  timing 
sequence  in  order  to  measure  AR.  A AR  integrator  reset 
pulse  is  enabled  at  this  time;  this  discharges  the  integrator 
(1-6).  When  the  reset  pulse  has  passed,  the  integrator  (1-6) 
begins  to  charge  again.  A linear  ramp  voltage  with  a constant 
slope  continues  to  charge  until  the  leading  edge  of  the  AR 
reset  pulse  occurs.  At  this  time,  the  ramp  charge  stops  and 
the  voltage  level  is  held  until  the  next  sync  pulse  occurs. 

If  a AR  reset  pulse  does  not  occur  (as  would  be  the  case  if 
no  bistatic  signal  is  detected) , a late-AR  reset  pulse  will 
stop  the  range  ramp  voltage  charge.  1-1  and  1-4  implement 
the  late-AR  reset  pulse  which  is  OR-ed  at  1-3  along  with  the 
normal  AR  pulse.  The  late-AR  reset  pulse  limits  the  range 
measurement  and  keeps  the  integrator,  1-6,  from  saturating. 

R-2  and  R-3  are  controls  to  condition  the  AR  measurement 
for  the  recorder. 
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Figure  B-U.  Board  3:  AR  Instrumentation  Generator 


Boards  4 and  5 : 3 and  23  cm  Wavelength  Video 

Instrumentation 


Boards  4 and  5 (Figure  B-12)  contain  the  3 and  23  cm 
video  instrumentation,  respectively.  The  parallel  and 
crossed  sample-hold  video  from  the  bistatic  receivers  are 
coupled  to  the  inputs  of  their  respective  boards.  The  video 
to  the  tape  recorder  is  buffered  through  amplifiers.  R-3 
and  R-7  are  adjusted  to  keep  the  video  from  saturating  the 
tape  recorder. 

Each  video  input  is  coupled  to  another  amplifier  and 
conditioned  for  recording  the  data  on  the  H-P  analog  record- 
er. The  sample-hold  bipolar  video  is  coupled  to  a true 
RMS-to-dc  converter  (A-l  or  A-3).  The  dc  output  of  the  con- 
verter is  processed  through  a logarithmic  amplifier  (A- 2 or 
A-4)  before  being  applied  to  the  analog  recorder.  The  out- 
put of  the  log  amplifier  is  adjusted  to  give  a 10  dB  change 
for  each  volt  of  input  signal.  The  log  amplifiers  are 
capable  of  a 50  dB  dynamic  range. 

Board  6:  Data  Logic  and  Angle  Instrumentation 

Board  6 (Figure  B-13)  circuits  automate  an  alert  and 
start-stop  data  capability.  The  scan  angle  and  tracker 
angle  position  voltage  instrumentation  are  also  contained 
on  this  board. 

The  data  alert  and  start-stop  data  logic  are  referenced 
to  the  tracker  angle  voltage.  By  comparing  the  initial  con- 
trol voltages  located  on  the  front  panel  with  the  tracker's 
angle  volts,  an  alert  and  start-stop  data  logic  signal  is 
developed.  The  data  alert  and  start-stop  data  controls  are 
set  prior  to  a pass  and  are  read  directly  in  degrees  from 
broadside.  The  data  alert  control  is  usually  set  5°  less 
than  the  start-stop  data  control,  rendering  a 5-10  second 
delay  before  a start-data  condition.  A data  alert  logic 
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voltage  occurs  at  this  time,  illuminating  an  LED  indicator 
on  the  control  panel . When  the  tracker  angle  coincides  with 
the  preset  start-stop  data  control,  a logic  signal  occurs, 
enabling  the  PRF  pulses  to  be  recorded  on  the  tape  recorder. 
An  LED  indicator  also  illuminates  at  this  time. 

The  start- stop  logic  circuit  on  Board  6 is  designed  to 
enable  and  inhibit  the  PRF  pulses  to  the  recorder  in  equal 
angle  segments  with  reference  to  either  side  of  broadside. 
For  example: 

The  start-stop  data  control  is  set  initially  for  50°. 
When  the  tracker  angle  reaches  50°,  the  enable  logic  signal 
will  be  on  for  ±40°  either  side  of  broadside.  When  the 
tracker  angle  reaches  130°,  a stop  logic  signal  occurs,  in- 
hibiting the  PRF  pulses  to  the  recorder. 

Angle  alignment  controls  for  both  the  tracker  and 
scanner  antenna  position  read  out  are  included  on  Board  6. 
Tracker  and  scanner  antenna  angle  position  scaling  controls 
and  associated  amplifiers  for  recording  purposes  are  also 
contained  on  this  board. 

Board  7 : Dual-Band  Offset  Frequency  Generators 

Offset  frequency  generators  are  implemented  on  Board  7 
(Figure  B-14).  Two  sawtooth  generators  are  used  to  offset 
the  100  KHz  frequency  of  the  3 and  23  cm  multipliers.  The 
offset  frequency  generators  establish  a known  frequency  for 
processing  the  bipolar  video.  Both  generators  have  a fre- 
quency range  adjustment  of  10  Hz  to  2 kHz. 

The  3 and  23  cm  offset  generators  are  capable  of 
operating  at  different  frequencies,  if  desired.  When  both 
offset  frequencies  arc  to  be  equal,  the  23  cm  generator  is 
slaved  to  the  3 cm  generator. 
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A frequency  sync  pulse  is  also  generated  from  the  3 cm 
generator.  Its  purpose  is  to  keep  the  serrodyne  sawtooth 
generator  operating  at  the  same  frequency  as  the  3 cm  off- 
set frequency  generator. 

Positive  or  negative  slope  outputs  are  available  from 
each  generator.  This  feature  allows  the  multiplier  fre- 
quency to  be  shifted  either  above  or  below  its  normal  100 
MHz  output  frequency. 

Board  8:  Calibration  Step  Generator 

Board  8 (Figure  B-15)  provides  a means  to  calibrate  the 
bistatic  system.  A staircase  generator  is  constructed  to 
sequence  13  discrete  voltage  steps.  Each  step  has  a time 
interval  of  about  2 seconds. 

The  sequence  begins  by  manually  activating  the  start 
calibrate  pushbutton  switch  on  the  control  panel.  A data 
alert  output  occurs  immediately,  which  lasts  for  about  1 
second.  The  stepping  sequence  follows,  resetting  the 
generator  from  the  13th  step  to  the  1st  step.  When  the  first 
step  starts,  a PRF-enable  output  occurs,  allowing  the  cali- 
brate-PRF  pulses  to  be  recorded.  The  PRF-enable  output  lasts 
until  the  13th  step  begins . The  13th  step  (the  maximum 
voltage  step)  is  held  until  the  sequence  is  again  enabled  by 
the  start  calibrate  switch.  LED  indicators  which  indicate 
the  step  sequence  are  implemented  on  Board  8.  All  voltage 
steps  are  coupled  to  the  step  driver  (Board  9)  to  perform 
the  various  functions  described  below. 

Board  9:  Step  Driver 

The  staircase  output  from  Board  8 drives  six  amplifiers 
contained  on  Board  9 (Figure  B-16).  Two  of  the  amplifiers 
are  presently  spares  while  the  m her  four  amplifiers  perform 


Figure  B-15.  Board  8:  Calibration  Step  Generator 


v-r-rv- 


Board  9:  Step  Driver 


the  following  functions: 

The  II  and  12  outputs  control  the  RF  attenuation  of  the 
3 and  23  cm  linear  attenuators  as  a function  of  the  voltage 
steps.  14  controls  the  step  voltage  applied  to  the  AR  cali- 
bration delay  circuit  located  on  Board  2.  13  is  used  to  put 

the  calibration  voltage  steps  on  the  tracker  and  scanner- 
angle  recorder  channels. 

Boards  10  and  11:  Antenna  Demodulator- Servo  Amplifier 

Driver 

Boards  10  and  11  (Figure  B-17)  are  used  to  control  the 
position  of  the  tracker  and  bistatic  antennas,  respectively. 
The  antennas  can  be  controlled  manually  or  automatically, 
as  determined  by  a selector  switch  mounted  on  the  board. 

A synchronous  error  signal  determined  from  a Theta  control 
located  on  the  control  panel  is  coupled  to  a demodulator  when 
manual  positioning  of  the  antenna  is  required.  The  demodu- 
lator dc  output  is  coupled  to  an  amplifier,  which  in  turn  is 
used  as  the  azimuth  drive  input  to  the  antennas’  power  ampli- 
fier. When  automatic  tracking  or  scanning  is  used,  the  de- 
modulator circuit  (IC-1,  IC-2,  and  IC-3)  is  switched  out;  a 
dc  error  signal  is  used  instead.  The  error  signal  for  the 
tracker  is  coupled  from  the  automatic  angle  tracking  circuits. 
The  error  signal  for  the  bistatic  antenna  is  coupled  from  the 
output  of  the  scan  generator  interface  circuit  (Board  12). 

In  addition  to  the  azimuth  drive  output,  antenna  limit 
control  circuits  are  implemented  on  Boards  10  and  11.  The 
purpose  of  the  limits  is  to  control  the  antenna's  angular 
position.  A rate  limit  is  also  included  by  sensing  the  tach 
signal  of  the  antenna.  If  the  antenna  rate  exceeds  the  pre- 
determined rate  set  by  R-4  or  R-5,  the  azimuth  drive  signal 
is  cut  off.  Controls  R-l  and  R-2  determine  the  maximum 
angular  position  allowed  either  left  or  right  of  broadside. 
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Figure  B-17.  Boards  10  and  11:  Antenna  Demodulator-Servo  Amplifier  Driver 
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This  is  done  by  comparing  the  azimuth  angle  volts  with  the 
righ-left  limit  voltages.  If  the  azimuth  angle  volts  ex- 
ceeds either  limit,  the  azimuth  drive  signal  is  inhibited. 

Board  12:  Interface  Scan  Generator  to  Antenna  Drive 

Board  12  (Figure  B-18)  generates  a scan  error  signal 
when  the  bistatic  antenna  is  in  its  scan  mode  of  operation. 

The  scan  voltage  from  the  scan  generator  located  on  Board 
13  determines  the  position  of  the  bistatic  antenna.  This 
scan  voltage  is  compared  with  the  actual  antenna  azimuth 
volts,  resulting  in  an  error  signal  as  the  scan  generator 
voltage  changes.  The  output  (error  signal)  is  coupled  to 
Board  11  to  be  used  as  a servo  drive  signal. 

Boards  13  and  14:  Scan  Generator 

Boards  13  and  14  (Figures  B-19  and  B-20)  implement  the 
scan  generator  necessary  to  scan  the  bistatic  antenna.  Con- 
trols are  provided  on  the  control  panel  with  which  to  deter- 
mine the  scan  rate  and  the  left-right  angle  limits.  The 
scan  voltage  does  not  occur  until  a start-data  logic  command 
is  enabled  from  Board  6.  When  the  scanner's  selector  switch 
is  in  the  automatic  position  and  no  start-data  logic  command 
is  present,  the  bistatic  antenna  is  slaved  to  the  left  posi- 
tion limit.  When  the  start  logic  command  occurs,  the  scan 
integration  (IC-4)  begins  to  function,  generating  a ramp 
voltage  to  position  the  antenna  to  the  right.  When  the  right 
antenna  position  limit  voltage  equals  the  scan  output  voltage, 
a logic  signal  occurs  which  reverses  the  scan  output  slope. 

The  antenna  will  then  begin  to  scan  back  to  the  left. 

When  the  left  limit  is  reached,  the  antenna  will  move  from 
left  to  right  again.  When  the  stop-data  logic  command 
occurs,  the  park  mode  is  again  activated,  reverting  the 
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B-20.  Board  14:  Scan  Generate 
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antenna  to  the  left  limit,  regardless  of  where  in  its  scan 
the  antenna  happens  to  be. 


All  the  system's  relays  are  mounted  on  Board  15 
(Figure  B-21).  The  relays  switch  the  necessary  functions 
to  the  correct  position,  depending  upon  the  system  mode- 
selector  switch. 
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B.26  CALIBRATION 


The  3 and  23  cm  bistatic  receivers  were  calibrated  by 
automatic  step- control  attenuator  systems.  The  block  dia- 
gram in  Figure  B-22  describes  each  of  the  two  (3  and  23  cm) 
calibration  systems  which  are  installed  in  the  van.  The  RF 
signal  input  to  the  calibration  system  is  CW  and  has  been 
offset  by  500  Hz  with  respect  to  the  L.O.  frequency.  The 
50  nsec  pulse-width  generator  pulses  the  RF  switch,  simu- 
lating the  transmitted  bistatic  pulse  aboard  the  C-46  air- 
craft. An  internal  PRF  generator  operates  at  the  same  PRF 
as  the  transmitter  in  the  aircraft  and  triggers  the  pulse- 
width  generator.  When  pulsed  off,  the  RF  switch  attenuates 
the  input  signal  by  60  dB.  Full  peak  power  is  realized 
when  the  RF  switch  is  pulsed  on.  At  the  output  of  the  cali- 
bration system,  two  175- ft  coaxial  cables  feed  the 
calibrated  RF  pulses  to  the  inputs  of  the  parallel  and 
crossed-polarization  bistatic  receivers  via  a power  splitter 
and  directional  couplers. 

The  peak  power  is  measured  by  applying  a dc  voltage  to 
the  CW  terminal  of  the  RF  switch;  this  removes  the  attenua- 
tion through  the  switch.  The  resulting  CW  signal  is  fed 
via  a directional  coupler  to  the  spectrum  analyzer  which 
displays  both  frequency  and  power.  The  RF  programmable 
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Figure  B-22.  Block  Diagram  of  3 or  23  cm  Calibration  System 


attenuator  is  at  its  minimum  attenuation  level  (1st  step) 
when  this  measurement  is  made.  The  level  set  attenuator  is 
then  adjusted  for  the  desired  power  setting.  All  RF  losses 
between  the  measuring  points  and  the  input  to  the  bistatic 
receivers  are  known.  Thus,  the  maximum  peak  power  of  the 
calibration  signal  for  any  attenuation  level  set  can  be  de- 
termined. 

The  voltage-controlled,  programmable  attenuator  is  used 
to  automatically  calibrate  the  bistatic  receivers.  The 
staircase  generator  drives  the  attenuator  with  each  step 
lasting  for  about  two  seconds.  Each  voltage  step  corres- 
ponds to  a given  amount  of  RF  attenuation.  Thus,  the 
absolute  RF  input  power  to  the  bistatic  receivers  is  known 
for  each  calibration  step. 

The  following  procedure  is  used  to  calibrate  the 
bistatic  receivers. 

1.  The  system  control  panel  switches  are  placed 
in  the  calibrate  position. 

2.  The  two  X-band  Gunn  oscillators  (not  shown  in 
Figure  B-22)  are  adjusted  to  a -6C  dBm  output 
power  level  in  order  to  simulate  a received 
local-oscillator-input-power  signal  from  the 
aircraft . 

3.  The  calibrate/L . 0 . power  monitor  switch  is 
turned  to  its  Cal.  position.  The  RF  power 
is  measured  on  the  spectrum  analyzer  by 
switching  the  pulsed/CW  switch  to  CW. 

4.  The  pulsed/CW  switch  is  switched  to  pulsed 
position.  The  calibrated  attenuator  is  ad- 
justed for  the  desired  threshold  power 
setting.  Threshold  gain  controls  located 
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on  the  control  panel  for  both  3 and  23  cm 
bistatic  receivers  are  then  adjusted  by 
observing  the  bipolar  sample-hold  video  on 
an  oscilloscope.  The  threshold  gains  are 
adjusted  so  that  the  video  is  just  beginning 
to  be  sampled  and  held  at  this  given  input 
power  setting. 

5.  A front  panel  control  switch  is  pressed  to 
start  the  calibration  function.  The  first 
step  in  the  staircase  corresponds  to  the 
peak  power  measured  in  step  3 above. 

A total  of  twelve  equal  voltage  steps  drive  the  RF 
attenuators  which  increase  the  3 cm  attenuation  to  greater 
than  30  dB  on  the  last  step.  The  23  cm  attenuator  has  a 
range  greater  than  60  dB.  The  last  step  in  the  staircase 
holds  at  this  position,  keeping  the  calibration  signal  path 
attenuated,  until  the  start  calibrate  switch  is  again 
operated. 

6.  The  system  control  panel  switches  are  placed 
in  the  operate  position. 

In  the  operate  position,  the  internal  PRF  of  the  system 
is  inhibited;  this  attenuates  the  calibration  RF  signal  path 
by  greater  than  60  dB  via  the  RF  switches  (one  of  which  is 
shown  in  Figure  B-22).  The  combined  attenuation  of  the  RF 
switches  and  programmable  attenuators  keep  any  signals  from 
entering  the  bistatic  receivers  via  the  calibration  RF  signal 
path  during  operation. 

7.  The  Gunn  oscillators  are  attenuated  to  keep 
them  from  interfering  with  the  operational 
mode,  making  the  system  ready  to  receive  the 
STALO  frequencies  transmitted  from  the  aircraft. 
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B . 3 DATA  RECORDING 


B.3.I  BISTATIC  RAW  DATA  TAPE  FORMAT 

The  tapes  recorded  in  the  aircraft  are  7- track,  800  bpi 
(NRZI) , and  written  with  odd  parity  (see  Figure  B-23). 

These  tapes  are  structured  so  that  one  tape  file  (delineated 
by  a tape  mark)  corresponds  to  one  aircraft  data  pass  or  one 
complete  calibration  run  (see  Figure  B-24).  The  files  are 
made  up  of  fixed  length  records  containing  6000,  12-bit  words 
each.  These  records  are  arranged  so  that  each  group  of  6 
consecutive  words  consists  of  one  sample  from  each  of  the 
six  information  channels  at  one  particular  time.  The  chan- 
nels include  (1)  3 cm,  parallel-polarization  video,  (2)  23 
cm,  parallel-polarization  video,  (3)  scan  angle,  (4)  tracker 
angle,  (5)  3 cm  cross-polarization  video,  and  (6)  23  cm, 
cross-polarization  video.  Thus,  one  record  consists  of  1000 
six-word  samples,  one  sample  being  oaken  at  every  radar 
pulse  (see  Figure  B-25) . Sampling  continues  across  record 
boundaries;  however,  one  radar  pulse  is  missed  (not  sampled) 
between  records.  The  last  record  in  any  file  is  padded  with 
zeroes,  if  there  are  insufficient  data  to  fill  the  full  6000 
words.  The  12-bit  words  are  placed  on  the  tape  with  the 
less  significant  6-bits.  Each  of  these  words  is  interpreted 
as  an  unsigned  integer  in  the  range  4095  to  0.  These  values 
can  easily  be  converted  to  signed  values  by  subtracting  2048 
from  each  word,  leaving  values  in  the  range  2047  to  -2048. 
When  in  this  form,  a word  of  zero  corresponds  to  no  signal 
on  the  video  channels. 

B.3.2  DESCRIPTION  OF  CALIBRATION  RUN 

A calibration  run  consists  of  a series  of  12  steps  in 
the  input  power  to  the  four  video  channels  and  in  the  levels 
of  the  two  angle  channels;  the  steps  are  decreasing  in  power 


B-46 


File  #1 


File  #2 


last  File 


of  volume. 


Tape  Format 

8 


and  angle  level.  There  are  approximately  9000  samples 
(6  words  each)  or  9 records  per  Btep,  making  a calibration- 
run  file  approximately  108  records  long. 


APPENDIX  C 
DATA  COLLECTION 


A major  part  of  the  data  gathering  and  data  preparation 
tasks  was  concerned  with  quality  control.  Considerable 
effort  was  spent  in  the  development  of  operational  equipment, 
checklists,  and  procedures  to  be  certain  that  all  required 
quantities  were  recorded.  This  appendix  presents  (Section 
C.l)  a summary  of  the  procedures  developed  for  incident 
power  level  correction  and  (Section  C.2)  the  checklists  and 
log  form  used. 

C.l  INCIDENT  POWER  LEVEL  CORRECTION 

As  illustrated  in  Figure  C-l  the  bistatic  measurements 
utilized  a spotlight  technique  in  order  to  obtain  a maximum 
number  of  data  samples  for  each  pass.  In  order  to  complete 
the  calculation  of  aQ,  transmitter  antenna  pointing  infor- 
mation must  be  determined  in  order  to  provide  correction 
factors  for  the  incident  power  level  . The  purpose  of  this 
section  is  to  illustrate  the  data  reduction  technique  used 
to  determine  that  correction. 

The  transmitting  antenna  spotlights  the  scattering 
area  throughout  a 90°  angle.  This  is  illustrated  in  Figure 
C-l  where  the  scattering  area  is  first  illuminated  with  the 
transmitting  antennas  (both  3 cm  and  23  cm)  squinted  for- 
ward 45°  with  respect  to  the  aircraft's  broadside  direction. 
The  transmitter  antenna  spotlights  the  area  through  90°  or 
until  viewing  at  a 45°  angle  aft  of  broadside.  Spotlighting 
is  accomplished  using  a manual  servo  control  with  a synchro 


With  reference  to  the  recommendations  section,  this  tedious 
step  can  be  removed  from  future  measurements  by  providing 
receivers  which  measure  incident  power  directly.  In  this 
way,  the  accuracy  will  be  improved  by  3 dB. 
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Flight  Path 


Figure  C-l.  Data  Gathering  Flight  Path 
for  Bistatic  Measurements 


angular  readout.  Ground  tracks  and  altitudes  are  selected 
to  provide  the  desired  incident  angle  6^.  These  tracks  are 
plotted  with  respect  to  a local  VOR  navigation  station.  The 
offset  distance  x ^ is  thus  determined,  within  some  error 
bount  resulting  from  flight  path  variations.  The  antenna 
pointing  angle  ^TRANS  *"s  t^ien  pl°tted  as  a function  of  time 
on  an  x-y  chart  recorder  in  the  aircraft  for  the  offset  dis- 
tance X£  and  for  an  expected  range  of  aircraft  ground 
velocities.  Aircraft  velocity  is  determined  for  each  pass 
during  line-up  prior  to  the  start  of  spotlighting  and  the 
proper  antenna  pointing  angle  vs  time  curve  is  selected. 

This  relationship  is  linear  to  a good  approximation. 

Spotlighting  is  started  when  the  angle  between  the  air- 
craft track  and  the  aircraft-to-scattering  area  direction  is 
45°.  This  point  is  determined  by  the  DME  (distance  measure- 
ment equipment)  on  board  the  aircraft.  As  the  antenna  is 
slewed,  the  angular  pointing  information  from  the  antenna 
synchro  is  used  to  drive  the  y-axis  on  the  chart  recorder. 
The  x-axis  recorder  drive  is  controlled  by  the  recorder 
sweep  speed,  which  is  10  seconds  per  inch.  Since  the  slew 
rates  are  slow,  the  desired  angle- time  relationship,  as 
plotted  on  the  chart  recorder,  can  be  followed  manually. 
Thus,  a record  of  antenna  pointing  angle  relative  to  the 
aircraft  as  a function  of  time  is  generated  during  each 
pass  for  the  particular  velocity  during  each  pass.  During 
each  pass,  the  following  reference  points  are  "called  out" 
on  the  air-to-ground  communication  channel  and  also  recorded 
on  tape: 
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* TRANS 

LOCATION 

-45.0° 

(forward) 

start  of  pass 

-22.5° 

1/2  point 

0 

mid-pass 

+22.5° 

(aft) 

3/4  point 

4-45 . 0° 

end  pass 

Aerial  vertical  photography  is  also  obtained  during  each 
pass . 


Values  of  ^-jp^NS  together  with  the  corresponding  values 
of  TRACK  as  well  as  the  time  marks  on  both  the  ^rans  anc* 
TRACK  records  were  used  to  calculate  antenna  pointing  angles. 
Any  deviation  between  the  actual  ground  track,  as  determined 
from  aerial  photography,  and  the  planned  ground  track  pro- 
duces a pointing  error.  Figure  C-2  gives  the  calculated 
values  of  transmitting  antenna  pointing  error;  the  negative 
angles  are  on  the  right  while  the  positive  angles  are  on  the 
left.  Using  these  values  with  the  measured  transmitting  an- 
tenna radiation  pattern,  the  proper  correction  for  the 
transmitting  antenna  gain  is  determined. 


C . 2 CHECKLISTS  AND  LOG 

This  section  presents  three  checklists  and  a log  form 
used  in  the  data  collection  program.  These  include  (Figure 
C-3)  the  pre-flight  calibration  checklist,  (Figure  C-4)  the 
ground  check  and  operate  checklist,  (Figure  C-5)  the  in- 
flight calibration  checklist,  and  (Figure  C-6)  the  measure- 
ment log  form. 
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Angle  from  Peak  of  Beam  (deg)  Angle  from  Peak  of  Beam  (deg) 


Pass  5 


40  50  60  70  80  y0  100  110  120  130  140  150 

TRACK  (deg) 

(a)  Passes  4 and  5,  Flight  7/17/76 


Pass  6 

/ 


*Pass  7 


40  50  60  70  80  90  100  110  120  130  140  150 

TRACK  (deg) 

(b)  Passes  6 and  7,  Flight  7/17/76 


Figure  C-2,  Calculated  Transmitting  Antenna  Pointing  Errors 
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Angle  from  Peak  of  Beam,  (deg,)  Angle  from  Peak  of  Beam  (deg) 


Pass  11 


Pass  12 


40  50  60  70  80  90  100  110  120  130  140  150 

TRACK  (deg) 

(c)  Passes  11  and  12,  Flight  7/17/76 


Pass  10 


Pass  9 


40  50  60  70  80  90  100  110  120  130  140  150 

TRACK  (deg) 

(d)  Passes  9 and  10,  Flight  7/17/76 

Figure  C-2.  Calculated  Transmitting  Antenna 
Pointing  Errors  (concluded) 


PP.E- FLIGHT  BISTATIC  CALIBRATION- 1 


Gunn  attenuators  Hi  - 19.0  dB,  Lo  - 21.8  dB 
Crown  attenuators  disconnected 
2 - 100  MHz  multipliers  offset  (500  Hz)  on 
Alfred  500  Hz  on 

X-band  calibration  attenuator  0.0  dB 

L-band  calibration  attenuator  10.0  dB 

System  in  stand-by  (Calibration  light  off,  operate 
light  off) 

Pulse  - CW  switch  to  pulse 

Measure  azimuth  voltage  supply  TP6-B6  18.0  V dc 

Measure  tracker  azimuth  volts  9.0  V dc  at  90° 

( . 050V/°)  TP 3 - B6 

Measure  scanner  azimuth  volts  9.0  V dc  at  90° 

( . 050V/°)  TP 8 - B6 

Set  sync  pulse  (TP-1,  Bl)  for  4850  nsec  + AT  with 
respect  to  scope  trigger 

Look  at  boxcar  video  L-band  TP2-B5  and  adjust  delay 
R-2.  Adjust  B-2  until  video  amplitude  is  peaked 

X-band  L.O.  calibration  switch  to  LO. 

Check  serrodyne  amplitude  (Alfred)  for  min.  AM  modu- 
lation (adjust  Helix  volts  on  Alfred)  while  viewing 
X-band  L.O.  on  SA 

OP  - CAL  switch  to  calibrate 

Check  delay  time  (AR)  vs  calibration  steps.  (Include 
AT  before  running) 

Use  L-band  cross  video  (raw),  1:1  - Toggle  in  1:1 
(UP)  (B-2). 

Push  calibration  start  - record  video  delay  time  for 
each  step. 


Figure  C-3.  Pre-Flight  Calibration  Checklist 
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PRE-FLIGHT  BISTATIC  CALIBRATION- 2 


AR  STEP 

TIME  (nsec) 

AR-1 

5695 

T ^ 20  nsec 

AR-  2 

5780 

1976  Add  + 

AR-3 

5880 

delay) 

AR-4 

AR-5 

5980 

6080 

AR  = 5695  = 

AR-6 

6185 

aR-7 

6295 

AR-8 

6420 

AR-9 

6545 

ar-io 

6670 

AR-11 

6810 

aR-12 

6955 

AR-13 

7040 

Check  PRF  for 

8.0  KC; 

TP1  B1  (125 

Set  park  angle 

; on  bistatic  antenna 

' - t j 

75  nsec  (ramp  sync 


Set  scan  limit  on  bistatic  antenna 
Set  scan  rate  on  bistatic  antenna 


Check  "hold”  slope  on  aR  Board  3,  TP-4  (blue). 

Adjust  R-l  if  needed.  Adjust  @ AR  min.  range  (system 
to  standby)  and  measure  voltage  at  TP4-B3i  Adjust 
R2  B#3  for  -1.3  V @ min.  range. 

Check  TP4(blue)  B#3  with  min.  and  max.  range  = -1.3  V 
to  + 1.4  V respectively. 

Adjust  R.-3,  B3  to  obtain  a total  voltage  output  of 
2.7  V between  min.  and  max.  AR  range. 

Readjust  R-2,  B3  if  necessary  to  obtain  a -1.3  V when 
AR  is  at  its  min.  range. 


Figure  C-3.  Pre-Flight  Calibration  Checklist  (continued) 


PRE-FLIGHT  BISTATIC  CALIBRATION- 3 


Operation-Calibrate  switch  to  Calibrate 
Toggle  - 1:1  Switch  (B-2)  to  toggle  (down) 

Gunn  Attenuators  Hi  = 19  dB,  Lo  = 21.8  dB 
Alfred  input  attenuator  4 dB 
Alfred  sawtooth  generator  500  Hz 
2 - 100  MHz  multiplier  500  Hz  ON 
X-band  level  set  (input  to  W/J)  Set  to  13  dB 
Set  S.A.  input  attenuator  to  2W  position 
CW  - Pulse  Switch  to  CW 
Check  X-band  LO  on  S.A. 

X-band  LO  - Cal  Switch  to  LO.  Must  measure  +6  dBm 
on  S.A.  (This  gives-*'  4.0  watts  to  LO  line). 

Check  L-band  LO,  on  S.A. 

L-band  LO  - Cal  switch  to  LO.  Must  measure  +0.5  dBm 
(This  gives  +10.5  dBm  to  LO  line). 

Remove  Crown  attenuator  cables 

X-band  LO-Cal  switch  to  Cal. 

L-band  LO-Cal  switch  to  Cal. 

Set  X & L-Band  Calibrate  attenuators  to  0 dB 

CW-pulse  switch  to  CW 

View  L-band  Cal.  Sig.  on  S.A.  Should  be  -39  dBm 
View  X-band  Cal.  Sig.  on  S.A.  Should  be  -13  dBm 
CW-pulse  switch  to  pulse 
X-band  Cal.  attenuator  to  max. 

View  X-band  Parallel  box  car  video  TP2B4,  on  scope, 
and  set  X-band  threshold  for  sample  hold  to  just 
trigger  on  noise 

L-band  Cal.  attenuator  to  33.0  dB  0 72  dBm  to  Rx).* 


Subject  to  change. 


Figure  C-3.  Pre-Flight  Calibration  Checklist  (continued) 
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PRE- FLIGHT  BISTATIC  CALIBRATION- 4 


i 


I 

f 


i 


I 


View  L-band  parallel  video  TP2-B5. 

Set  L-band  threshold  for  sample-hold  to  just  trigger 
on  signal 

Set  X and  L-band  Cal.  attenuators  to  10.0  dB 

Check  X and  L-band  box  car  video  and  measure 
sample-hold  time  - 220  usee 

Connect  cables  to  crown  attenuators  BNC  37  & 38 

Set  X and  L-band  calibrate  attenuators  to  0.0  dB 

CW  - pulse  switch  to  pulse  position 

FR-1300  ck  tape  recorder  speed  - 60  ips  - ck  plug-in 
filters  60  ips 

Start  8-channel  chart  recorder  --  mm/sec 
Start  FR-1300  60  ips 

Push  Cal.  Start  Switch 

Wien  Cal.  is  completed,  stop  8-channel  chart 
recorder 

Stop  FR-1300 


Figure  C-3.  Pre-Flight  Calibration  Checklist  (concluded) 
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BISTATIC  GROUND  CHECK  AND  OPERATE- 1 


3.  Cal.  Switch  - OFF 

Operate  switch  to  operate 

Gunn  attenuators  Hi  & Lo  set  to  max. 

Check  Alfred  input  attenuator  to  4. 0 dB 

2 - 100  MHz  multipliers  (no  offset)  term.  50 

X-band  level  set  (input  W/J)  13  dB 

___  Connect  tracker  (LO  antenna)  to  LO  receiver  input 
_ Position  tracker  antenna  to  approx.  A/C  position 
__  Instruct  A/C  to  turn  on  10  watt  TWT 
_ Check  LO  and  PRF  lights  on 

__  Instruct  A/C  to  turn  on  X & L-band  transmitters 

_ Position  Bistatic  antenna  to  approx.  A/C  position 

Check  for  X & L-band  bistatic  video  (raw) 

If  video  is  present  and  normal . notify  A/C  to  prepare 
for  takeoff. 

_ Set  tracker  tilt  for  pre-determined  angle 

Position  tracker  to  acquisition  angle 

Position  bistatic  antenna  to  park  angle  (with 
theta  dial) 

Set  data  start  control  for  desired  angle 

_ Set  data  alert  control  for  desired  angle,'*'  5°  less 
than  data  start 

__  Start  data  indicator  should  be  out 

4.  A/C  will  notify  ground  station  when  on-line  and 

give  ground  speed  - compute  time  to  T0  and  notify 
A/C. 

__  When  tracker  error  signal  = 0,  place  auto-manual 
switch  in  auto  track.  Switch  ON  B-10  (UP). 


Figure  C-4.  Ground  Check  and  Operate  Checklist 
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BISTATIC  GROUND  CHECK  AND  OPERATE- 2 


P.A.I.  to  tracker  position 

Switch  Bistatic  antenna  to  scan  inode  (switch  ON 
B- 11  (UP)) 

Notify  A/C  at  data  start  - 10° 

Call  last  5°  (1°  steps)  for  A/C 

Start  chart  recorder 

Start  FR- 1300 

Start  audio  recorder 

Notify  A/C  at  data  start 

Monitor  L-band  raw  video 

Monitor  1 video  channel  of  repro  on  FR-1300 
Monitor  chart  recorder 
Notify  A/C  at  end  of  pass 

Place  manual  tracker  control  near  tracker  angle 
Place  tracker  auto-manual  switch  to  manual 
Place  scanner  - auto-manual  switch  to  manual 
Prepare  for  calibration 


After  last  calibration  (end  of  flight) : 

Record  tracker  and  scanner  argie  oltage  (chart  and 
tape)  for  10°  steps  from  scan  ,’.r  <rt  to  scan  stop. 


Figure  C-4.  Ground  Check  and  Operate  Checklist  (concluded) 
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IN-FLIGHT  BISTATIC  CALIBRATION 


Operate  switch  OFF 

Calibrate  switch  to  calibrate 

Toggle  - 1:1  switch  (B-2)  to  toggle  (down) 

Gunn  Attenuators  Hi  «*  19  dB,  Lo  = 21.8  dB 

Check  Alfred  sawtooth  generator.  High  voltage  ON 
(red  light  on) 

2 - 100  MHz  multiplier  500  Hz  ON 

CW  - pulse  switch  to  pulse  position 

Monitor  1 video  channel 

Start  8-channel  chart  recorder  - mm/sec 

Start  FR- 1300  60  ips 

Push  calibration  start  switch 

When  calibration  is  completed,  stop  8-channel 
chart  recorder 

Stop  FR-1300 


OFF  sets  removed  from  (2)  100  MHz  multiplier  - 
Term./ 51  ohm. 

Gunn  attenuators : Hi  and  Lo  to  maximum 
Calibration  switch  OFF 

Place  bistatic  scanner  auto-manual  switch  to 
auto  (UP) 

Operate  switch  to  operate 

Ready  for  operation--Go  to  Section  4 (bistatic 
ground  check  and  operate  sheet) 


Figure  C-5.  In-Flight  Calibration  Checklist 
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BISTATIC  MEASUREMENT: 
DATE : 

LOCATION: 

PASS  NO. : 

PARAMETERS : 


THRESHOLD  LEVEL: 


X - 
L - 


(MSL  - AGL) 


dBm 

dBm 


DELAY  SETTING: 

Ton  - DIRECT  - 
ANTENNA  SCAN  LIMITS: 
< SCAN  < 


c-u 


AIRCRAFT  HEADING: 


MAGNETIC  (DEGREES) 
DEGREES 


DRIFT  ANGLE: 

TRANS.  ANTENNA  SCAN  ANGLE: 

<0  < 

TRANS 

GROUND  VELOCITY: 
TRANSMITTED  POWER: 

X - 
L - 

TRACKER  ANGLE: 

< TRACK  < 

ELEVATION  ANGLE: 
CALIBRATIONS : 

CHART  RECORDER 
MAGNETIC  TAPE 
DATA  EVALUATION  (ON  SITE) : 

X - 
L - 

TRACKER  - 
L. 0.  POWER  - 
WEATHER  CONDITIONS: 


Figure  C-6.  Measurement  Log 


KTS 


DEGREES 


Form  (concluded) 
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APPENDIX  D 
DATA  PROCESSING 


This  appendix  presents  the  details  of  the  overall  data 
processing  procedure  used  to  obtain  values  of  aQ  from  the 
empirical  data  recorded  during  the  data  gathering  flights. 
The  information  presented  includes  the  digitization  process 
(Section  D. 1) , the  calculation  of  video  signal  power  (D.2), 
and  the  data  reduction  programs  (D.3). 

D.l  DIGITIZATION  PROCESS 

This  section  describes  the  computer  urogram  which  con- 
trols the  transfer  of  data  from  the  analog  tape  record  to 
digital  magnetic  tape.  The  program  is  run  on  a PDP  11/10 
minicomputer  with  special  peripherals  configured  as  shown 
in  Figure  D-l.  The  Sample  Command  Generator  is  a custom- 
built  piece  of  hardware  which  generates  the  six  pulses 
needed  during  each  complete  PRF  cycle  to  synchronize  the 
data- samp ling  circuitry. 

See  Figure  D-2  and  note  that  a complete  PRF  cycle,  in- 
cluding both  a 3 cm  and  a 23  cm  pulse,  lasts  500  ysec, 
reflecting  the  fact  that  the  analog  tape  is  played  back  at 
half  speed.  (During,  flight,  this  time  is  250  ysec.)  Note 
also  that,  regardless  of  whether  the  sample  command  pulses 
are  synchronized  with  the  3 cm  or  23  cm  part  of  the  PRF, 
the  four  video  channels  are  sampled  at  times  when  the  video 
data  are  valid.  (Samples  occur  during  the  high  portion  of 
a sample  command  pulse.) 

The  program  consists  of  an  interrupt  handler  and  a 
main  loop.  The  interrupt  routine,  activated  by  a sample 
command,  first  deposits  the  result  from  the  last  conversion 
into  a buffer  and  increments  a pointer  which  is  used  to 
step  through  the  buffer.  Then,  it  selects  the  correct 
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Figure  D-2.  Digitization  Timing  Diagram 


multiplexer  channel  and  initiates  a convert  command.  The 
main  loop  monitors  the  buffer  pointer.  When  a buffer  is 
full,  it  writes  an  entire  record  to  tape  and  sets  up  a new 
buffer  pointer  for  the  interrupt  routine  to  use.  Thus, 
there  are  two,  6000-word  buffers  and,  at  any  given  time, 
one  is  being  filled  with  data  by  the  interrupt  routine  and 
one  is  being  emptied  to  the  magnetic  tape  unit.  Due  to 
strict  timing  constraints,  one  group  of  six  samples  is 
missed  when  the  buffer  switch-over  occurs. 

D. 2 CALCULATION  OF  VIDEO  SIGNAL  POWER 

This  section  describes  a program  which  calculates  the 
power  in  each  digitized  video  signal  over  a set  of  intervals 
determined  by  the  angle  information.  The  average  power  in 
any  interval  of  N samples  is  calculated  by 

1 A 2 

P * H £ xi  - <D-1) 

N i=l  1 

where  the  X^'s  are  the  video  samples.  The  summation  inter- 
vals are  defined  by  dividing  the  range  of  scan  angle  values 
into  a number  of  equal  divisions.  In  Figure  D-3,  for  exam- 
ple, the  scan  angle  range  has  been  divided  into  five  equal 
parts.  With  the  data  shown,  this  has  resulted  in  twenty 
summation  intervals.  That  is,  twenty  values  of  average  power 
will  be  computed  for  each  video  channel.  Note  the 
(exaggerated)  glitch  between  intervals  thirteen  and  fourteen. 
Here,  the  scan  angle  jumped  into  division  2,  jumped  back  in- 
to division  1,  and  then  continued  normally  into  division  2. 
Note  that,  under  normal  circumstances,  this  would  produce 
two,  small  summation  intervals  between  intervals  thirteen 
and  fourteen.  To  avoid  this,  the  program  has  a user-input 
sample  number  threshold  (That  is,  a threshold  on  N) . If 
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the  number  of  samples  in  a summation  interval  is  less  than 
this  threshold,  the  interval  is  ignored  and  no  power  calcu- 
lation is  made. 

The  inputs  to  this  program  are  the  tapes  created  during 
the  digitization  process.  Eight  values  are  outputted  for 
each  summation  interval:  (1)  the  number  of  samples  in  the 
interval  (N) , (2)  the  division  number,  (3  and  4)  two  values 
of  the  tracker  angle,  one  corresponding  to  the  first  sample 
in  the  interval  and  the  other  from  the  last  sample  in  the 
interval,  and  (5  through  8)  a value  of  average  power  for 
each  of  the  four  video  channels.  This  output  is  printed  on 
the  terminal  and  also  goes  to  magnetic  tape  (namely,  the 
uncalibrated  computer  compatible  tape  referred  to  in  Section 
D.  3) . 

I ' : 

D. 3 DATA  REDUCTION  PROGRAMS 

Four  programs,  written  in  IBM  Fortran  IV  and  run  on 
the  Ann  Arbor,  Michigan  MTS  (Michigan  Terminal  System)  com- 
puting facilities,  are  used  to  compute  cjo  (radar  cross 
section  per  unit  area) . These  programs  start  from  the  un- 
calibrated CCT  (computer  compatible  tape)  with  some  user 
input  and  end  by  producing  terminal  and  CALCOMP  plots  dis- 
playing a versus  <p  (difference  between  scan  and  track 
o s 

angles) . 

The  simulation  program,  BSMAIN,  may  be  used  in  a stand- 
alone mode  requiring  only  user  response. 

D.3.1  MAIN  PROGRAM  DESCRIPTIONS 

The  processing  of  data  from  the  uncalibrated  CCT  to 
the  actual  plotting  of  results  has  been  divided  into  three 
main  procedures . 

The  first  procedure  applies  calibration  equations  to 
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\ 
i 

i 

| the  data  from  the  CCT  and  outputs  the  intermediate  results 

! . to  the  second  procedure. 

j The  second  procedure  accepts  the  above  results  along 

I with  some  positional  dimensions  and  then  calls  the  simula- 

{ tion  program  BSMAIN  to  obtain  KI , the  power  weighting  factor. 

I* 

i Sigma  naught  (aQ)  is  then  computed  and,  along  with  <j>  , out- 

\ putted  to  the  third  procedure.  * 

| The  third  procedure  accepts  the  above  results  along 

with  some  labeling  information  and  produces  terminal  and 

I CALCOMP  plots  of  the  results. 

> 

I 

D.3.1.1  Procedure  FIRST  (User  Input) 

; 

This  program  (whose  flow  chart  is  shown  in  Figure  D-4) 
is  used  to  calibrate  the  data  found  on  the  CCT.  The  follow- 
; ■ ing  questions  require  user  response: 

1.  Scattering?  Forward  scattering  assumes  SCAN  = 0° 
to  be  north,  whereas  back  scattering  assumes  SCAN  = 0°  to 

» 

be  south. 

2.  Count  Acceptance  Threshold?  A particular  data 
point  may  be  rejected  if  the  number  of  samples  from  which 
it  was  obtained  is  less  than  some  threshold. 

3.  Minimum  Scan  Angle?  A data  point  may  be  rejected 
if  its  scan  angle  is  less  than  some  minimum. 

4.  Power  Corrections?  Power  corrections,  which  are 
added  to  the  incident  power,  are  defined  at  three  points 
over  the  scan  angle  range  (see  Section  C.3).  These  points 
define  equations  which  may  be  used  to  interpolate  a power 
correction  at  any  scan  angle. 

5.  Scan  and  Track  Equations?  Point-slope  form  equa- 
tions are  entered  to  convert  the  CCT  angle  information  into 

* SCAN  and  TRACK  in  degrees. 

I J 

1 l 

t % 

: \ 

i i 
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START 


INPUT  PARAMETERS , e . g . , 
SCATTERING,  POWER  CORRECTIONS, 
& CALIBRATION  EQUATIONS  FOR 
POWER,  TRACK  & SCAN  ANGLES 


/ ALL  \ 
'DATA  INPUT 

\ ? y 


6.  Power  Equations?  Point- slope  form  equations  are 
entered  to  convert  the  CCT  power  information  into  3 cm  and 
23  cm  (parallel  and  cross)  power  in  dB. 

D.3.1.2  Procedure  FIRST  (Data  Input-Output) 

The  components  of  each  line  read  from  the  CCT  are  cali- 
brated using  the  proper  above-mentioned  equations  unless 
certain  conditions,  also  mentioned  above,  are  not  met,  in 
which  case  the  entire  line  is  rejected.  All  angles  (in- 
cluding <p  which  is  calculated)  and  all  powers  (including 
power  corrections)  are  then  outputted  in  tabular  form  (see 

the  example  in  Table  D-l).  The  program  listing  for  this  pro- 
cedure is  shown  in  Figure  D-5. 

D.3.1.3  Procedure  SECOND 

This  program  (whose  flow  chart  is  shown  in  Figure  D-6) 
calculates  oQ  given  the  geometry  of  the  flight  and  the 
simulated  KI.  The  following  parameters  are  required  as  in- 
puts: (1)  receiver  depression  angle  and  height,  (2)  trans- 
mitter height  and  range,  and  (3)  whether  to  use  3 or  23  cm 
radar  .parameters . The  results  of  procedure  FIRST  are  then 
inputted,  one  data  case  at  a time,  to  obtain  the  proper 
SCAN  and  TRACK  angles.  If  the  power  is  in  the  noise,  it  is 
rejected  at  this  point. 

After  all  other  necessary  parameters  have  been  assigned, 
BSMAIN,  the  simulation  program  which  (when  given  the  proper 
geometry)  will  return  the  power  weighting  factor  KI , is 
called.  Sigma  naught  is  then  computed  with  the  following 
equation : 

a = P -P.-KI-  Correction  (All  values  in  dB) . 
o r i 

The  separate  parts  of  this  equation  may  be  outputted,  as 
shown  in  Table  D-2.  A source  listing  is  presented  in 
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C»U.  FC¥Tk«(ll 

CALL  FthC«n( 'oFFtyLT  Be*P»INT«f'} 
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nC*0(4,T,EN0*6)  Buf 


BBT  AVAILABLE  COPY 


Figure  D-5.  Program  Listing  for  Procedure  FIRST  (concluded) 
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table  d-2.  procedure  second  output 


PHIS 


tO. A 
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0/1.1 
>\  n . a 
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1*1 
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57.0 
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57  . o 
57.n 
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57.0 

57.0 
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5 7.(1 

57.0 

57.0 
57.0 
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5 7,0 
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57.0 

57.0 

57.0 
57.0 
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57.0 
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57.0 
57.0 
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57.0 
57.0 
57.0 
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57.0 
57.0 
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57.0 
57.0 
57.0 
57.0 

5 7.n 


POP 


-79.6 

-02.1 

-36.0 

-36.0 

15.5 

-15.8 
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-5.5 

32.8 

-15.8 

19.0 
7.6 
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25.1 
“52. 1 

22.2 
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-87.3 
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-80. 0 
-82,9 
-82.1 
“83.3 
-82.2 
“02.5 
-«2.6 
-01.9 
-83.3 
-02.1 
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-H'l.O 
-66,2 
-66.3 
-07.3 
-««.2 
-88.2 
-«7.3 
-86.3 
-05.2 
-8o.O 
-02.9 
-82.1 
-«i  .9 
-82, 7 
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-13.0 
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-11.0 
-13.0 
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-13.1 
-11.1 
-11.2 
-13.2 
-13.2 
-11.2 
-11.2 
-11.2 
-13.2 
-11.1 
-13.1 
-11.1 
-11.1 
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31. A 
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-313.7 
-313.0 
-310.2 
-315.1 
-515.3 
-310,5 
-39.1 
- 1 'I  . o 

30.0 
’•5.3 

52.0 

10.5 

-57.7 

-311.1 

-310,2 

-.316,0 
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D.3.1.4  Procedure  THIRD 

This  program  (whose  flow  chart  is  shown  in  Figure  D-8) 

computes  averages  over  a <f>  increment  and  plots  the  results. 

s 

Axis  labels  and  an  angular  averaging  increment  are  required 
inputs  from  the  user  along  with  some  scaling  information. 
Three  pairs  of  terminal  plots  are  then  produced  from  the  re- 
sults of  the  second  procedure  for  each  pass.  Each  pair  of 
plots  (an  example  of  which  is  shown  in  Figure  D-S)  consists 
of  (1)  an  unaveraged  graph  and  (2)  the  average  of  that 
graph.  The  first  pair  of  plots  uses  all  the  data  from  the 
particular  pass,  the  second  uses  the  first  half  of  the  data, 
and  the  third  uses  the  last  half. 

These  results  are  also  outputted  in  tabular  form  so 
that  canned  MTS  programs  may  CALCOMP-plot  selected  graphs. 

A source  listing  for  this  program  is  presented  in  Figure 
D-10. 


B.3.2  SIMULATION  DESCRIPTION 

The  simulation  program  BSMAIN,  which  is  called  by  the 
second  procedure,  may  also  be  run  as  a stand-alone  main 
program.  Given  the  proper  geometry  and  radar  parameters, 
BSMAIN  computes  a power  weighting  (KI)  over  a calculated 
area . 

The  program's  first  action,  after  all  necessary  para- 
meters have  been  entered  via  Namelist  input,  is  to  draw 
the  scene  on  a graphics  display  terminal.  Anything  drawn 
on  the  screen  may  also  be  reproduced  as  a CALCOMP  plot,  as 
shown  in  Figure  33,  for  example. 

Given  the  receiver  height,  depression  angle,  scan 
angle,  and  beanwidth,  an  elliptical  receiver  footprint  may 
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Figure  D-7.  Source  Listing  for  Procedure  SECOND  (concluded) 


Figure  D-8.  Flow  Chart  for  Procedure  THIRD 
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Example  Output  Plots  from  Procedure  THIRD 


D- 19 


d 


BEST  AVAILABLE  COPY 


LOGlCAtM  U«(8oi 

»EM.  SIGt  (lni'0),3!G2<lu00),l»MlStl000) 

TNYEGEll  17AGftOO«) 

LOGICAL*  1 PMtd)/'**/ 

PEAl.  MT(2,nii)iJ,HT2C8,lOOi) 

C *LI.  PCVTHS(t) 

CALI.  I“PTYF(n) 

CALL.  E"PTfF(l) 

CAU  t UPT  YF { 2 ) 

unmet, i/i) 

writ  ICC2,  )/t) 

FOMAtt'CFlO.O.F  10,0)') 

CALL  OCILsrPT  Pa»ALIEL  X-AXIS  LABEL)') 

CAI  L ME Al)(l  AB,l.fN,0,l  N,5) 

CALL  ''Um<LAH,I.EH,n,LN,0) 

CAI  L OCIkiSPOT  "ARALIFL  Y-AXIS  LABkL) 1 ) 

CALL  <*EAim*lM.EN»0,l  N,S) 

CA|.L  WHlTLtLAB,LEU,(l,LN,0) 

CALL  OCnsFUT  CROSS  X-AXTS  LABEL)') 

CAI  L BE  AH  (I  AH, L*", 0,1  N,9) 

C*l  L WRITE (L  AR,lfcN,y,LN, 1 ) 

CAI  L GCIMSFWT  CROSS  Y-AXJS  LABEL)') 

C ALL  «t  AO(l.AB,LE'l,0,l  M,S) 

Call  ,»niTE(LAH,Lfc«#»fLN, )) 

-nine  co,  a) 

FfWHAT ( • ENTER  AVERAGING  ANGLE') 

BE*D(5,<n  HANG 
FGRY4T(F lfl.H) 
no  1 J«|,jnQ(i 
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F Of?  ■''A  Tt  IF  |0,l) 

IT4.,CJ)aJ 
NCC  = .) 

CUM) l MUE 
wiriECo.io) 

FDMUAlf*  X-AXIS  PPTJOMS? ' ) 

OCA0C9.U)  Lt.XN.XX 

white  com) 

FORMAT  ( ' Y-AXIS  OPTIONS?') 

READ'S, 11)  1.2,YN,YX 
fopmai c i$,2r lo ,0) 
hamgsHanG/2. 

call  oc  • A|  lew  TOP  OF  rnRH|'5 
OEA0C9.2)  ? 

"0  13  JJ Js l , 3 

TFCJJJ.NF.3)  iss) 

IEsnCC/2 

IF  CJJJ.NF ,2)  lEsNCC 
NCalE-15* 1 

CALL  3UHT3('SsFL.,A,,U  END  ' , PHI  S C I S)  , PHI  S{  IE  > , U , I T AG  C IS ) , <1 ) 
-SO 

KsTS-l 

A\r,sO, 

Slsn. 

r.2so, 

NStl 

IF  f0MisCK  + l)  .GT.ANG  + HANG)  r,U  TO  <i 
N = N+  l 


Figure  D-10.  Source  Listing  for  Procedure  THIRD 
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IFCJJJ.KF.3)  CALL  9C)RT3C3*ri»A,,«  E*JD  ' , 1TAGC  IS)  , ITAGCIE)  ,H  .PH13CI3)  , A) 

CONTINUE 
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END 


3UARI1UT1-ME  0(3) 

logical*!  Ren 
(Nit  GF.  W*2  LE*1 

CALL  FlNOST(A,l?i),«i,,tf  t«IFNO> 
IF f JFnD.KO.O)  irnn*G 
LENatENO-J 

CALL  SE«COKP»LEN,«) 

RETURN 

E»m 


SURRCIUTINE  PL0TT(HT,NP,L1#XN#XX,L2#YN*YX) 
LOGICAL* 1 O/'-'/.P/' 
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IF  CRT  (liK).r.T.XMAX)  XM AXsMT ( I » K ) 
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IF  (Ml  (2#x  ).C.T,YMAX)  Yk  A X =MT ( 2 » K ) 
IF(Mr<2,K).LT.YMlN)  YMrN*MT<2,K) 

GOnTIniH 

ifcxn.fl'.xo  go  to  eu 


Figure  D-10.  Source  Listing  for  Procedure  THIRD  (continued) 
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BEST  AVAILABLE  COPY 

XHJNaXN 

XMAXiXX 

20  IFtYP.EQ.YX)  00  to  2t 
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vM*x«yx 

21  com  r 1 nue 
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lFO.2.Kn.l.AN0.Y*UN.LT#0)  00  TO  i 02 
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IFCl.t  .Nt.|)MT(l,K)s(MT(1,X)-XHIN)AXFUJ 
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7 CONTINUE 
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no  so  xsi.o 

SO  YH(K)aVM Ax-FLOAT <K-t)*5.*YFUJV 

IF{|.2,tlE.J)  f.O  TO  SO 

no  ss  x = i , o 

5?  YM(<)sf  XPfYMCK)*AL*MO) 

SO  NlaO 

no  9 Ksl,«j 
Nl SNL+1 

vn)ItE(0>Sn)YM(K)((MAT(H#22.NL)»Hal,6«) 

TF(n(..fQ,2I)  r,0  TO  to 
no  9 la  1,9 
NlsNt.  + l 

0 vum:(0»5l  HMAT(M,22.NI  ),Msi,04) 

jo  no  ll  xs i , it 

II  X(K)8XMl»|*FLOAT(K.l)A9,*XFUJV 

tMi.i  #nf  , i ) r.n  th  1 1 
no  12  Kai.n 


Figure  D-10.  Source  Listing  for  Procedure  THIRD  (continued) 
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* Figure  D-10.  Source  Listing  for  Procedure  THIRD  (concluded) 
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be  calculated  and  drawn  where  it  intersects  the  flat  earth. 
Range  ellipses  may  also  be  drawn  if  the  transmitter  position 
is  known.  One  range  ellipse  is  designed  to  pass  through  the 
point  defined  by  the  center  of  the  receiver  beam  intersect- 
ing the  earth,  unless  specifically  offset.  The  second 
range  ellipse  is  found  by  increasing  the  size  of  the  first 
ellipse  by  some  fixed  amount.  A transmitter  footprint  may 
also  be  drawn  upon  request. 

The  area  of  interest  is  then  found  by  dividing  the  re- 
ceiver footprint  into  many  small  square  areas  dA  and  then 
asking  the  following  two  questions:  (1)  is  this  dA  outside 
the  inner  range  ellipse  and  (2)  is  this  dA  inside  the  outer 
range  ellipse?  If  both  conditions  are  not  met,  the  area  is 
rejected.  If  not  rejected,  the  dA  is  multiplied  by  the 
transmitter  and  receiver  power  patterns  as  well  as  an  ex- 
perimentally-derived weight  function  and  divided  by  the 
distances  squared  from  the  integration  point  to  both  the 
transmitter  and  receiver.  The  entire  receiver  footprint  is 
integrated  in  this  manner,  producing  KI. 

These  runs  may  be  mass-produced  and  the  results  out- 
putted in  tabular  form  (an  example  is  shown  in  Table  D-3). 

A source  listing  of  the  main  program  and  its  subroutines  is 
presented  in  Figure  D-ll. 
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APPENDIX  E 

COMPLETE  RECORD  OF  RESULTS 

The  data  shown  in  Section  5 are  averages  of  the  total 
number  of  data  samples  obtained  for  each  bistatic  angle  set 
This  appendix  includes  results  from  all  final  computer  runs 
made  to  obtain  oq  values.  The  data  here  are  given  for  each 
paas  that  was  processed  for  each  data  gathering  period. 

All  data  are  for  horizontal  polarization,  both  transmitted 
and  received.  The  data  sets  for  each  pass  consist  of  two 
graphs;  the  top  graph  gives  the  computed  value  for  each 
data  point  calculated  while  the  lower  curve  gives  averaged 
values . 
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Figure  E-l.  aQ  vs  $g  for  Pass  3,  Flight  7/17/76 


at  23  cm  Wavelength,  Horizontal  Polarization 

<ea  - 80°,  ei  - 80°,  yL  = ioo  ft,  x2  - 21220  ft, 

y2  " 4000  ft;  data  taken  from  entire  pass) 
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Figure  E-2.  oQ  vs  for  Pass  9,  Flight  7/17/76 
at  23  cm  Wavelength,  Horizontal  Polarization 
( 9 8 “ 80°.  - 80°,  yl  - 100  ft.  x2  - 18480  ft, 

y2  “ 4000  ft;  data  taken  from  entire  pass) 
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Figure  E-3.  aQ  vs  <t>s  for  Pass  4,  Flight  7/17/76 
at  23  cm  Wavelength,  Horizontal  Polarization 
(8S  - 80°,  6i  - 75°,  y:  - 100  ft,  x2  = 20060  ft. 
y2  “ 6000  ft;  data  taken  from  entire  pass) 
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Figure  E-4.  oQ  vs  $e  for  Pass  7,  Flight  7/17/76 
at  23  cm  Wavelength,  Horizontal  Polarization 
C8b  - 80°,  Qj  - 75°,  yx  = 100  ft,  x2  - 18740  ft, 
y2  " 60C0  ft;  data  taken  from  entire  pass) 
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Figure  E-5.  aQ  vs  4>s  for  Pass  5,  Flight  7/17/76 
at  23  cm  Wavelength,  Horizontal  Pol.  rization 
<8S  - 80°,  6i  - 70°,  y1  - 100  ft,  x2  - 18480  ft, 
y2  “ 8000  ft;  data  taken  from  entire  pass) 
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Figure  E-6.  aQ  vs  *s  for  Pass  6,  Flight  7/17/76 
at  23  cm  Wavelength,  Horizontal  Polarization 
<98  “ 80°,  - 70°,  yx  - 100  ft,  x2  - 18480  ft, 

y2  “ 8000  ft;  data  taken  from  entire  pass) 
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Figure  E- . n0  vs  | for  Pass  10.  Flight  7/17/76 
at  23  cm  Wavelength,  Horizontal  Pclurvzation 
<9  - 70°,  Qj.  - 80°,  yx  - 100  ft,  x2  = 18740  ft, 

y2  “ 4000  ft;  data  taken  from  entire  pans) 


I'HiHuiiiiliiijiiiiuliiuiuiniiiiuiigiiiii  iiintii(iff|Uy||T'-iM 


I 


j "0.01- + 1 * 1 i 1 f 1 


I 

i 


i 


I 

I-- 


f 


t '■ 
‘ 

i i 


i 


t i 
\ ! 


i 


i 


f 


( 


1 

i 

j 


i 

i 

f 

i 

f 

| 


( 


w * * 

10.0+ + + 1 - *•  1- *1 *+ 1 

* * ************ 

* * **  *****  * ****  **********  * ** 
*****  *****  ******  * * * * 

* * ****  ****  * **  * ******  ***  * + * 

-20 . 0+ + +-*-••■* — *+-******--***--*-*#*** +-*-*  -#*** 

* * * **  * ******  * * * **** 

* * * ***  **  * 

* * #*  * 

* * 

-30.0+ + -+ + *■-** *--+ * *--#***-  ** 

*****  * ***** 
*****  * * ****  **  ***  **** 

**  **  **  **********  *******  **  * * 

* ******* 

- +0.0  1 + + + — **-*-****-*-  -*  +- +- + 

75.  70,  105.  120.  135.  150.  ' 165,  180. 


(a)  All  Points 


-0.0  + + + + +• + • --+ + 

-10.01 + - + + +— 1 1 + 

* # 

* **  * ***  ** 

-20.0+ + * + --*• -I  — —+ * 

-30.0+ -+ — 1 +- + 1- --+-  + 

-40.0+ + 1 1 *+- — + • - - ► 

75.  VO.  105.  120 . 135.  150.  165.  180. 

(b)  Averages 


■! 

v 


1 


J 


t 


Figure  E-8.  aQ  vs  41  s for  Pass  11,  Flight  7/17/76  [ 

at  23  cm  Wavelength,  Horizontal  Polarization  j 

(eg  - 70°,  6i  - 75°,  yx  - 100  ft,  x2  - 18680  ft,  j 

y2  “ 6000  ft;  data  taken  from  entire  pass)  ! 
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Figure  E-9.  oQ  vs  <?g  for  Pass  12,  Flight  7/17/76 
at  23  cm  Wavelength,  Horizontal  Polarization 
(e  » 70°,  9 ^ ■ 70°,  y,  « 100  ft,  X2  “ 18480  ft, 
y2  - 8000  ft;  data  taken  from  entire  pass) 
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Figure  E-10.  oQ  vs  $g  for  Pass  3.  Flight  7/17/76 
at  3 cm  Wavelength,  Horizontal  Polarization 
(6g  - 80°,  = 80°,  yL  = 100  ft,  x2  - 21120  ft, 

y2  “ 4000  ft;  data  taken  from  entire  pass) 
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Figure  E-ll.  oQ  vs  for  Pass  9,  Flight  7/17/76 
at  3 cm  Wavelength,  Horizontal  Polarization 
<9S  - 80°.  0i  - 80°,  y1  - 100  ft.  x2  - 18480  ft, 
y2  " 4000  ft;  data  taken  from  entire  pass) 
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Figure  E-12.  aQ  vs  $g  for  Pass  6,  Flight  7/17/76 
at  3 cm  Wavelength,  Horizontal  Polarization 
(6s  - 80°,  - 75°,  - 100  ft,  x2  = 20060  ft, 

y2  “ 6000  ft;  data  taken  from  entire  pass) 
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Figure  E-53.  aQ  vs  for  Pass  7,  Flight  7/17/76 
at  3 cm  Wavelength,  Horizontal  Polarization 
(0g  - 00°,  9 i - 75°,  j-j  - 100  ft,  x2  - 18760  ft, 
y2  “ 6000  ft;  data  taken  from  entire  pass) 
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Figure  E-14.  oQ  vs  <pg  for  Pass  5,  Flight  7/17/76 
at  3 cm  Wavelength,  Horizontal  Polarization 
<e8  - 80°,  - 70°,  yL  - 100  ft,  x2  - 18480  ft, 

y2  “ 8000  ft;  data  taken  from  entire  pass) 
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Figure  E-15.  oQ  vs  for  Pass  6,  Flight  7/17/76 
at  3 cm  Wavelength,  Horizontal  Polarization 
<68  - 80°,  et  - 70°,  yj_  - 100  ft,  x2  - 18480  ft. 
y2  “ 8000  ftj  data  taken  from  entire  pa3s) 
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Figure  F.-16 . oQ  va  $s  for  Pass  10,  Flight  7/17/76 
at  3 cm  Wavelength,  Horizontal  Polarization 
(6S  - 70°,  0i  - 80°,  yx  - 100  ft,  x2  - 18740  ft, 
y2  " 4000  ft;  data  taken  from  entire  pass) 
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Figure  E-17.  oQ  vs  for  Pass  11,  Flight  7/17/76 
at  3 cm  Wavelength,  Horizontal  Polarization 
(6S  - 70°.  eJ_  - 75°,  yx  - 100  ft,  x2  - 18480  ft. 
y2  ■ 6000  ft;  data  taken  from  entire  pass) 
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Figure  E-18.  aQ  vs  for  Pass  12,  Flight  7/17/76 
at  3 cm  Wavelength,  Horizontal  Polarization 
<es  - 70°,  *»  70°,  yx  » 100  ft,  x2  - 18680  ft, 

y 2 “ 8000  ft;  data  taken  from  entire  pass) 
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J ; at  23  cm  Wavelength,  Horizontal.  Polarization 

! ' (6g  - 85°,  0 ^ » 80°,  y^  ■ 45  ft,  ” 1^700  ft. 

I y2  - 3200  ft;  data  taken  from  entire  paae) 
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Figure  E-20.  vs  $g  for  Pass  5,  Flight  7/9/76 
at  23  cm  Wavelength,  Horizontal  Polarization 
(es  - 85°,  - 80°,  yx  - 45  ft,  x2  - 15500  ft, 

y2  “ 3200  ft;  data  taken  from  entire  pass) 
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Figure  E-21.  oQ  vs  $a  for  Pass  6,  Flight  7/9/76 
at  23  era  Wavelength,  Horizontal  Polarization 
<e8  - 83°,  9 ^ - 80°,  yL  - 45  ft,  x2  - 14850  ft, 
y2  “ 3400  ft;  data  taken  from  entire  pass) 


E-22 


-10.  <>■!• 4 -4 4 **4 4 + + 

* 

* 

* * * * 

* * ****  « * **  * * 

-20.0* * 4-- * *4* 4 * + 4 + + 

*****  **  * * * 

* * * * * 

* * * * 

* ***  * * 

-30.04-* — * 4-* + * 4 4 4 4 4 

* 

* 

* 

*****  * 

-40.  Or * 4 *-+-* 4 4 4 4 4 

** 

* 

“SO  . 04 4 4 4 4 4 4 4 

0.  IS.  30.  45.  60.  75.  90.  105. 

(a)  All  Points 


-10.04 4 4 4 * 4 4 4 

* 

* 

* 

-20.0* * — 4—* 4 — * — * — 4 4 4 4 4 

* * 

* * 

-30  • 04 4 — 4 4 4 4 — — 4 — — - -f- 


-40.04 4 4 4 4 4 - f- f 


-50.04 4 4 4 4 4 4 4 

0.  15.  30.  45.  60,  73.  90.  105. 

(b)  Averages 


Figure  E-22.  aQ  vs  <j>g  for  Pass  7,  Flight  7/9/76 
at  23  cm  Wavelength.  Horizontal  Polarization 
(&s  “ 85°,  - 80°,  = 45  ft.  x2  ■ 16400  ft, 

y2  ~ 2200  ft;  data  taken  from  entire  pass) 
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Figure  E-23.  aQ  vs  os  for  Pass  2,  Flight  7/9/76 
at  3 cm  Wavelength,  Horizontal  Polarization 
<0S  - 85°,  9t  - 80°,  yx  - 65  ft,  x2  » 14700  ft, 
y2  “ 3200  ft;  data  taken  from  entire  p..,st‘) 
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Figure  E-24.  cq  vs  for  Pass  5,  Flight  7/9/76 
at  3 cm  Wavelength,  Horizontal  Polarization 
(6S  - 85°,  - 80°,  yx  - 45  ft,  x2  - 15500  ft. 

y2  ■ 3200  ft;  data  taken  from  entire  pass) 
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Figure  E-25.  o0  vs  $s  For  Pass  6,  Flight  7/9/76 
at  3 ctn  Wavelength,  Horizontal  Polarization 
(9S  - 65°,  nt  = 80°,  - 65  ft,  x2  = 14850  ft, 

y2  " 3400  ft;  data  taken  from  entire  pass) 
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Figure  E-26.  vs  $g  for  Pass  7,  Flight  7/9/76 
at  2 cm  Wavelength,  Horizontal  Polarization 
(9g  - 85°,  0i  - 80°,  yx  - 45  ft,  x2  - 16400  ft. 
y2  " 2200  ft;  data  taken  from  entire  pass) 
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